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Abstract

Inductors are extensively used in the design of radio-frequency circuits. In

the last decade, the integration of passive components, especially inductors on

silicon chips, has led to the widespread development and implementation of Ra-

dio Frequency Integrated Circuits (RFICs) in CMOS technologies. However,

on-chip passive inductors occupy a large silicon chip area and hardly scale

down with technology scaling. Therefore, on-chip passive inductors become

formidable obstacles to the realization of highly dense RFICs to be integrated

with other highly dense digital circuits on a single chip using a common fabri-

cation process. In recent years, researchers have focused on replacing passive

inductors with transistor-only active circuits, namely active inductors. Active

inductors can be realized with only a few transistors, which scale down with

technology scaling. Therefore, they occupy a fraction of the chip area of their

passive counterparts, and can be implemented densely in CMOS processes.

Unlike passive inductors, bias dependent operations of active inductors allow

for the tuning of their inductance and quality factor (Q), and in turn, tuning

the performance parameters of RFICs.

This thesis focuses on the design and development of passive inductorless

CMOS RFICs for ultra-wideband (UWB) receiver front-ends using active in-

ductors. A new Q-enhanced and a new bandwidth-extended tunable active

inductors are designed. Using the Q-enhanced active inductor, two tunable

UWB low-noise amplifiers (LNAs) (two-stage and three-stage UWB LNAs), a

UWB mixer and a wideband local-oscillator (LO) driver are designed. Active

inductors are utilized to develop a novel wideband active shunt-peaking tech-



nique that decreases high-frequency losses to yield a flat gain over a wide band-

width. A tunable multiband-UWB front-end integrating a two-stage UWB

LNA, and a pair of UWB mixers driven by a pair of wideband LO drivers,

is fabricated in a 90nm digital CMOS process. The passive inductorless two-

stage UWB LNA, three-stage UWB LNA and UWB front-end occupy chip

areas of only 0.0114mm2, 0.0227mm2, and 0.1485mm2, respectively. The ac-

tive CMOS UWB front-end exhibits a measured flat gain of 22.5dB over 2.5-8.8

GHz bandwidth, and its tunability allows for varying the gain and bandwidth.
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Chapter 1

Introduction

1.1 Motivation for Active CMOS RFIC Design

The ever increasing demand for wireless technologies is continuously calling

for the development of high bandwidth, low power, small size and low cost

radio-frequency (RF) transceivers. In reducing the size and cost of transceiver

chipsets, designers in the late 1990’s started using CMOS technologies to inte-

grate RF, analog, and digital circuits of transceivers on a single-chip. CMOS

processes offer the highest level of device integration and the lowest fabrication

cost among all of the process technologies available in the semiconductor in-

dustry. Importantly, the aggressive scaling (shrinking) of active devices (MOS

transistors) in deep submicron CMOS processes allows for integration of more

transistors per unit area of silicon die going from one technology node to the

next one. However, passive devices such as resistors, capacitors and inductors,

which are widely used in RF integrated circuits (RFICs), hardly scale down

(shrink) with technology scaling. Among all of these passive components, in-

ductors are the most bulky as they occupy a large percentage of the chip area

to obtain required inductance values. Consequently, RFICs using passive in-

ductors occupy a large chip (or die) area with increased cost. Hence, it is

highly desirable to replace area-inefficient (occupying a costly large die area)

on-chip passive inductors with transistor-only active circuits to reduce the die

sizes of RFICs and integrate them densely for low cost high volume production

of RF transceivers.
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Digital
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RF Front-End Analog-Baseband

Figure 1.1: Direct conversion receiver architecture.

Figure 1.1 shows a typical RF receiver architecture, which has three main

sections: an RF front-end, an analog baseband circuitry, and a digital signal

processing (DSP) unit [1]. The RF front-end includes a low-noise amplifier

(LNA), and a pair of mixers driven by a quadrature oscillator. Inductors

are essential components in the design of LNAs, mixers and oscillators (using

LC resonators), and are used for impedance matching, inductive peaking,

bias feeding, load tuning, signal filtering, frequency resonating, and source

degeneration [2]. However, the extensive use of on-chip passive inductors make

these RFICs area-inefficient, non-scalable, and incompatible with other highly-

integrated analog and digital circuits (of receivers) implemented in inexpensive

digital CMOS processes.

In CMOS processes, on-chip passive inductors are built on silicon substrates

as planar structures of metal wires in the form of a spiral [2, 3]. They require a

large chip area to obtain a high inductance value because the higher the induc-

2



CHAPTER 1. INTRODUCTION

tance, the longer the spiral. Moreover, on-chip passive inductors are typically

implemented using thick metal wires and tripple-well process. These lead to

the use of RF CMOS processes, which are more expensive than standard dig-

ital CMOS processes. Electrical and magnetic couplings of an on-chip passive

inductor to the substrate and other nearby large structures (other inductors

and circuits) also make it difficult to obtain an accurate model of the inductor.

On-chip passive inductors have low quality factors and low self-resonant fre-

quencies, which limit the performance of RFICs. The high resistivity of metal

wires, and lossy silicon substrates provide a low quality factor (Q) [2]. The

large physical size of inductors causes a low self-resonant frequency because

of increased parasitic capacitances (due to close proximity of inductors to sil-

icon substrates) that resonate with inductance at low frequency [2]. A low

self-resonant frequency reduces the operating range and bandwidth of induc-

tors. Moreover, through large physical dimensions of on-chip inductors, noise

from substrates is coupled to sensitive RF circuits, and degrades their noise

performance. Hence, on-chip passive inductors have a number of limitations

and disadvantages. Therefore, designers are looking for alternative methods of

designing inductorless RF circuits. Fortunately, inductors can be constructed

with active circuits known as active inductors consisting of only transistors;

the most suitably available devices in MOSFET technologies.

An active inductor is realized with a circuit configuration consisting of only

a few transistors [4]. Therefore, an active inductor requires a fraction of the

area of an on-chip passive inductor. The inductance of an active inductor de-

pends on small-signal transconductances and conductances, and capacitances

of transistors. These are bias dependent parameters; therefore, a high induc-

tance can be achieved for an active inductor by suitably biasing the circuit.

An active inductor exhibits no substrate and metallic or ohmic losses, and due

to its small size, it also exhibits low parasitic capacitances to the substrate.

Therefore, an active inductor provides a high Q due to low losses, and exhibits

a high self-resonant frequency due to its small size. Moreover, an active induc-

tor can be tuned widely to vary its inductance, Q, and resonant-frequency by

changing bias conditions. In summary, the advantages of active inductors over
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passive ones are : a small chip area (or die area), a high inductance value (over

10nH) with higher self-resonance frequency, a high Q factor (over 30), wide

tunability, and compatibility with standard digital CMOS processes [4, 5, 6].

While active inductors have many advantages over their passive counterparts,

they also have a few shortcomings. Theoretically, passive inductors do not

consume DC power while active inductors require DC biasing that consumes

a small amount of power. However, the power consumption of an active in-

ductor is significantly low compared to the overall power consumption of an

RF circuit, where it is intended to be used. Transistors in active inductors

add an extra noise that degrades the overall noise performance of RF circuits.

The inherent noise of transistors can not be eliminated completely. However,

using circuit design techniques, the overall noise contribution of an active in-

ductor to the core RF circuit can be minimized. Thus, many advantages but

a few shortcomings of active inductors over passive inductors render that they

are viable candidates in implementing area-efficient (occupying low-cost small

die area), scalable, tunable and low-cost active (passive inductorless) CMOS

RFICs for RF receiver front-ends.

1.2 Active CMOS MB-UWB Receiver Front-End

This thesis focuses on the design of an area-efficient active CMOS ultra-

wideband (UWB) receiver front-end using active inductors instead of passive

inductors in the RFICs of the front-end. UWB radio technology, using the

bandwidth of 3.1-10.6 GHz, enables high data-rate (up to 480Mb/s) commu-

nications for short ranges (less than 10 meters), and sees its rapid growth

and applications in multimedia-rich wireless personal area networks (WPANs)

[7, 8]. Among different approaches of using the 7.5GHz UWB spectrum, the

multiband (MB) system is being widely adopted to reduce the design com-

plexity and ease the operation of UWB receivers [9]. In MB-UWB systems,

the 7.5GHz spectrum is divided into fourteen bands of 528MHz each, as shown

in Figure 1.2 [9]. These bands are grouped into five distinct band groups, and

a MB-UWB system can operate in one or more band groups. With this re-
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Figure 1.2: Frequency bands and band groups of MB-UWB systems.

duced operating bandwidth, MB-UWB systems still meet the minimum signal

bandwidth requirement of 500MHz for UWB systems mandated by the Fed-

eral Communications Commission (FCC) [9]. Hence, instead of employing a

UWB system of 7.5GHz bandwidth, MB-UWB systems of reduced bandwidth

ease the design complexity of the RFICs of receiver front-ends, and overall re-

ceivers. In this thesis, an active (passive inductorless) CMOS UWB front-end

operating in the range of 2.5-8.8 GHz that covers three lower band groups of

MB-UWB systems (Figure 1.2) is designed.

In the design of UWB receiver front-ends, the direct-conversion architecture

is typically used as shown in Figure 1.1 where the LNA is directly connected to

a pair of mixers [1, 10]. A direct-conversion architecture ensures a high level of

device integration and compact design for the front-end because an off-chip and
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power-hungry bulk, large-size image-reject(IR) filter is not required between

the LNA and mixer. In a direct conversion front-end, RF signals are directly

converted into baseband signals using local oscillator (LO) signals of the same

frequency of RF signals. A direct-conversion front-end also requires a simple

LO scheme and consumes a small amount of DC power [10]. This thesis focuses

on the design of a fully-integrated on-chip direct-conversion UWB receiver

front-end.

The LNA, the first building block in a receiver front-end (Figure 1.1), am-

plifies RF signals received by the antenna. It needs to be designed with a high

gain and a low noise figure while achieving a broadband (50Ω) input matching

over the desired bandwidth. The high gain of the LNA amplifies very weak RF

signals adequately and reduces the noise contribution of the subsequent stages

(mixers and IF amplifiers) to the overall noise figure of the receiver. As the first

circuit block in a receiver chain, the noise figure of the LNA is directly added

to the system noise figure. Therefore, the LNA needs to be designed with

maximum gain and minimum noise-figure. To maximize the gain and mini-

mize the noise figure, the input impedance of the LNA should be matched to

the impedance of the antenna (typically 50Ω). The design challenge for UWB

LNAs is to achieve the input matching over a wide bandwidth while keeping

the gain flat and high, and noise figure low. The most common approach

of achieving the wideband input matching for UWB LNAs is to use higher

order LC filters, which require several passive inductors, and consequently,

occupy a large chip area. For enhanced flat gain and extended bandwidth,

inductive peakings (series, shunt or series-shunt peakings) are used in LNAs

[3]. Moreover, for linearity improvement, an inductive source-degeneration

(of transistors) technique is employed [3]. Thus, an LNA requires the most

number of passive inductors among all of the RFICs of the front-end. In this

thesis, active CMOS UWB LNAs are designed using active inductors instead

of passive inductors to reduce chip area significantly while keeping gain flat for

extending bandwidth. Moreover, the tunability of active inductors allows for

tuning (or varying) the gain and bandwidth of the UWB LNAs over desired

band group or band groups of MB-UWB systems.
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The mixer, the next stage in the front-end after the LNA, switched by lo-

cal oscillator (LO) signals, converts RF signals to zero intermediate-frequency

(zero-IF) or baseband signals. Typically, LO signals generated from the oscil-

lator are weak and need to be amplified by LO drivers before feeding to the

mixer. In the RF front-end, the mixer generates the most of noise because

of the switching of large signals (LO signals) in frequency conversion. Due to

the constraint on transmitted power of UWB signals regulated by the FCC,

the received UWB signals are typically very weak and may not be sufficiently

amplified by the UWB LNA alone. Therefore, UWB mixers also need to be de-

signed with a high conversion gain (RF-to-IF) and a low noise figure to reduce

the noise contribution of the following stages (after the mixer) while adding

a low noise to the overall receiver by itself. Like UWB LNA, the design chal-

lenge for UWB mixers is to achieve a flat conversion gain (RF-to-IF), and flat

noise figure over a wide bandwidth. Note that the minimum IF bandwidth of

MB-UWB systems is above 500MHz. To obtain a flat conversion gain for the

wide IF bandwidth, along with a flat gain of the LNA, the frequency response

(gain over frequency) of the LO driver should also be flat over the desired

UWB bandwidth.

In the direct-conversion front-end of Figure 1.1, the capacitance at the

node between the output of the LNA and the input of the mixer, reduces

high-frequency gain due to diminishing capactive impedance, and in turn,

reduces the bandwidth of the front-end. The LO driver is typically a multistage

amplifier. The nodal capacitances in the multiple stages of the LO driver

reduce the bandwidth significantly, yielding the reduction of high-frequency

gain. Hence, the overall challenge in the design of the UWB mixer is to cancel

out or minimize the effects of nodal capacitances in obtaining a flat conversion

gain. This thesis focuses on the design of an active CMOS UWB mixer and an

active CMOS LO driver using active inductors to cancel the effects of nodal

capacitances and keep the gain flat in increasing the bandwidth. Moreover,

the tunability of active inductors is exploited to tune (or vary) the overall

gain-bandwidth of the front-end.

In summary, the capacitances at different nodes in RF signal paths of the

7
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RFICs reduce the overall bandwidth of the front-end. The frequency response

(gain over frequency) of the front-end rolls off fast at high frequencies due to

diminishing capacitive impedances contributed by nodal capacitances. Active

inductors introduced at different nodes parallel to RF signal paths can counter

(compensate for) the diminishing capacitive impedances with their increasing

inductive impedance. In this thesis, new CMOS tunable active inductors for

UWB applications are designed. The tunability of active inductors allows for

varying inductance, inductive bandwidth and Q factor leading to vary the

gain-bandwidth of the LNA, mixers, and the overall front-end. Overall, this

thesis emphasizes developing area-efficient (occupying low-cost small die area)

RFICs using active inductors for implementing a compact UWB front-end,

which can be compatibly integrated with analog, mixed-signal, baseband and

digital circuits on a single chip using an inexpensive standard digital CMOS

process. The use of ultra-compact active inductors instead of area-inefficient

(occupying high-cost large die area) passive inductors will lead to achieve very

low chip-area (or low die-area) active CMOS front-ends, and consequently will

reduce the cost of wireless transceiver chipsets in high volume production.

1.3 Thesis Organization

This thesis is organized into six chapters that include an introduction, CMOS

on-chip inductors, Q-enhanced and bandwidth-extended tunable CMOS active

inductors, CMOS UWB low-noise amplifiers, active CMOS MB-UWB receiver

front-end including a UWB LNA, UWB mixers, LO drivers, and conclusion.

The introductory chapter discusses the motivation and benefits of using active

inductors instead of passive inductors in the design of active (passive induc-

torless) CMOS RFICs for RF receiver front-ends

Chapter 2 begins with an overview of applications, structures, parameters,

frequency characteristics, and the advantages and disadvantages of CMOS on-

chip passive inductors. This is followed by an overview of the evolution, theory

of operation, design implementation, parameters and frequency characteristics

of CMOS active inductors.
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Chapter 3 presents two new CMOS configurations of tunable active induc-

tors for enhanced quality factor (Q) and extended bandwidth. The design of

these active inductors with theoretical analysis is described in detail. The im-

plementation and measurement results of the fabricated new active inductors

are presented.

Chapter 4 begins with an overview of the performance parameters of low-

noise amplifiers (LNAs), and designs of CMOS UWB LNAs. Two new area-

efficient tunable CMOS UWB LNAs using active inductors instead of passive

inductors are presented. The LNAs are described in detail with theoretical

analysis and mathematical development of their performance parameters. The

design implementation, and measurement results of the fabricated UWB LNAs

are presented.

Chapter 5 presents a new area-efficient, active CMOS MB-UWB receiver

front-end that includes passive inductorless RFICs, namely active CMOS RFICs,

a low-noise amplifier (LNA), mixers, and local oscillator (LO) drivers. Begin-

ning with an overview of CMOS mixers and front-ends, Chapter 5 presents

an active CMOS UWB mixer, and an active CMOS LO driver using very

low chip-area tunable active inductors, which are used to exploit wideband

active shunt peaking for bandwidth extension. Then, two identical UWB mix-

ers, and two identical wideband LO drivers are integrated with a two-stage

area-efficient CMOS UWB LNA to implement the proposed direct conversion

UWB receiver front-end. Fabricated in a 90nm digital CMOS process, the

measurement results of the active CMOS (passive inductorless) UWB receiver

front-end are presented.

Finally, the thesis is concluded in Chapter 6. The future research toward

the improvement of the noise performance and linearity of UWB receivers using

active inductors is presented. The future research plan also includes the design

and development of wide-tunable CMOS voltage-controlled oscillators using

active inductors and covering all the bands of MB-UWB systems spreading

over 3.1-10.6 GHz UWB frequency range.
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Chapter 2

CMOS On-Chip Inductors

This chapter presents an overview of on-chip inductors in CMOS technolo-

gies. First, the structures, parameters and frequency characteristics of CMOS

passive inductors are described in Section 2.1. The evolution, theory of op-

eration, design implementation, parameters and frequency characteristics of

CMOS active inductors are presented in Section 2.2.

2.1 CMOS On-Chip Passive Inductors

Inductors are essential components in the design of RF circuits and systems.

They are used for many important applications including impedance match-

ing, bias feeding, load tuning, signal filtering, frequency resonating and phase

shifting [2, 3]. Figure 2.1 shows a CMOS ultra-wideband (UWB) low-noise

amplifier (LNA) using several on-chip passive inductors. In this LNA, a third-

order LC network (inside the dashed box) employing three inductors (L1, L2

and LG) along with inductor LS is used for broadband input impedance match-

ing to maximize the amplifier’s power gain and minimize its noise figure [11].

Inductors exhibit low impedance at low frequency (theoretically short at DC)

but very high impedance to AC signals as inductive impedance increases with

frequency. Therefore, inductors are used to feed DC bias voltages to signal

paths in RF circuits while preventing RF signals to be leaked through their

high impedances. In the LNA of Figure 2.1, bias voltage Vbias is applied to

the input of the LNA through inductor L2. The inductive source-degeneration
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Figure 2.1: UWB LNA using on-chip passive inductors.

of transistor M1 using inductor LS increases the linearity of the LNA by ex-

ploiting negative feedback [3]. Inductive peaking, achieved by shunt and series

inductors LL and L3, respectively is used in the LNA to enhance its gain and

extend bandwidth [3]. With shunt peaking, inductor LL parallel to the output

RF signal path (shown by arrow) compensates for the effect of total nodal

capacitance CL (shaded) at Node 1, and increases the high-frequency gain of

the amplifier. With series peaking, inductor L3 in series with the output signal

path, cancels the effect of input capacitance CGS3 (gate-source capacitance of

transistor M3) of the next-stage output buffer of the LNA, and keeps the fre-

quency response (gain over frequency) of the amplifier flat at high frequency.

Thus, inductive peaking increases the bandwidth of amplifiers by increasing

high-frequency gain, and by keeping frequency response flat up to a very high

frequency.

Inductors are widely used in the design of LC filters (or resonators). A
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Figure 2.2: (a) Series resonator as the notch filter in amplifier, (b) parallel
resonator as the tuned load in amplifier, (c) oscillator using LC resonator.

series LC resonator provides the minimum resistance at resonance frequency,

and filters out undesired signals. Thus, a series resonator tapped at the RF

signal path of the amplifier, is used as the notch-filter as shown in Figure

2.2(a). On the other hand, a shunt LC resonator exhibits the maximum
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resistance at resonance-frequency, and is used as the tuned load at the desired

frequency as shown in Figure 2.2(b) [3]. An LC resonator also determines the

frequency of oscillation (fosc = 1/
√

LC) of an oscillator as shown in Figure

2.2(c) [2]. Thus, passive inductors are widely and essentially used in the design

of radio-frequency integrated circuits (RFICs).

2.1.1 Structures of On-Chip Passive Inductors

In CMOS process technologies, metal wires in the form of a spiral are laid on

the plane of a silicon substrate to form an inductor. Figure 2.3(a) shows the

top view of a planar square-spiral inductor. Planar structures for inductors

are widely used because of the availability of compatible design tools, and

the ease of modeling and fabrication. The inductance of a spiral inductor de-

pends on the number of turns in the spiral, the inner and outer diameters (din

and dout) of the spiral, the metal width (W ), and the spacing (S ) between

the adjacent metal traces [2, 3]. The important design consideration for on-

chip passive inductors is the occupied chip-area. The higher the inductance

required, the larger the area of an inductor becomes because inductance in-

creases with the length of the spiral. Besides inductance (Ls), the important

design parameters of inductors are quality factor (Q) and self-resonant fre-

quency (fsr) [2, 3]. To achieve a high Ls, a high Q and a high fsr for on-chip

inductors, many shapes and structures such as circular, hexagonal, octagonal,

multilayered stacked-metal and miniature 3-D inductors have been proposed

using specialized CMOS process technologies (RF CMOS processes)[12, 13].

However, on-chip inductors rarely scale down (or do not shrink) whether using

improved structures or deep sub-micron advanced CMOS technologies. Figure

2.3(b) shows the 3D cross-section view of the square-spiral inductor of Figure

2.3(a) exhibiting magnetic field, current, and passive elements (inductance,

resistance and capacitance).
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Figure 2.3: (a) Top view of square spiral inductor, (b) 3-D cross-section view
of spiral inductor.

2.1.2 Lumped-Element Model of On-Chip Passive Inductors

Describing an on-chip passive inductor employed in an RF circuit, it is useful

to model the structure of the inductor of Figure 2.3 with an equivalent circuit.

The presence of magnetic and electric fields in the inductor, and their cou-

plings to the nearby substrate, generate parasitic elements (resistance Rsub,
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Figure 2.4: (a) Double-ended on-chip passive inductor’s model (π-mode), (b)
single-ended on-chip passive inductor’s model (reproduced from [2]).

and capacitances, Cox, Csub) as shown in Figure 2.3(b). Many of such ele-

ments distributed all over the inductor’s structure result in a complex circuit

model. Figure 2.4(a) shows a basic lumped-element equivalent circuit model

called the pi-model (π-model) of the square-spiral inductor derived from the

elements as shown in Figure 2.3(b)[2]. In this equivalent circuit, Ls represents

the total inductance of the inductor between ports P1 and P2, Rs is the total

resistance of metal lines in series with Ls, Cp is the total capacitance between
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adjacent parallel lines of the spiral, Cox is the capacitance formed between

metal lines and the substrate through the oxide. Elements Csub and Rsub are

the capacitance and resistance (or conductance) of the substrate respectively

due to electromagnetic effects, and represents the total substrate losses. The

π-model in Figure 2.4(a) exhibits inductive impedance Zind between two ports

(P1 and P2) of a double-ended inductor. For a single-ended inductor or one-

port grounded (port P2 is grounded) inductor, the simplified model is shown

in Figure 2.4(b), which is a parallel RLC circuit. From the lumped elements

of an on-chip inductor model, parameters Q and fsr are derived.

2.1.3 Parameters of On-Chip Passive Inductors

Inductors are characterized by quality factor Q and self-resonant frequency

fsr. The parameter Q determines losses in an inductor, and the fsr deter-

mines its impedance characteristics (inductive or capactive) over frequency

[2]. The impedance of an inductor becomes capacitive when the operating

frequency exceeds fsr. The factors that are involved in determining the Q and

fsr of an inductor are : the physical size (small or large) and shape (square,

circular, hexagonal or octagonal), the conductivity of the metal wire (copper

or aluminum), the resistivity of the silicon substrate, and the proximity of the

inductor to the substrate. When energized, the presence of magnetic (B) and

electrical fields causes losses in an inductor. The physical losses in an on-chip

inductor can be determined from the following definition of Q [14].

Q = 2π
Peak magnetic energy

Energy loss in one oscillation cycle
. (2.1)

Note that electrical energy and electrical loss are counter productive to

magnetic energy, and hence, these two need to be minimized to maximize Q.

As shown in Figure 2.3(b), current i in the metal wire causes ohmic losses

(electrical losses) due to the resistivity of the metal wire. The magnetic field

B generated by current i in the metal wire induces eddy current (ieddy) in the

substrate and causes eddy-current losses. The electric field created by current

i in the metal wire makes capacitive-coupling between the metal wire and the
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substrate through dielectric material (insulating material). Thus, magnetic

and electric fields in the inductor create parasitic effects and introduce para-

sitic resistances (Rsub) and capacitances (Csub) to the substrate as shown in

Figure 2.3. In the substrate, resistances cause ohmic losses and capacitances

store electrical energy. Both of them are counter productive to magnetic en-

ergy, and together, they are called substrate losses. In summary, losses in an

inductor can be grouped as ohmic (losses due to the resistivity of the metal

wire) and substrate losses (due to parasitic elements of the substrate). At low

frequencies, ohmic losses limit Q and at high frequencies, substrate losses limit

Q. Moreover, due to the skin-effect, the resistance of the metal wire increases

at high frequencies, and this further reduces the Q of an inductor[2]. For

circuit analysis, Q is defined with a simple expression as [2]

Q =
Img(Zind)

Real(Zind)
=

ωLs

Rs

, (2.2)

where Zind is the impedance of the inductor consisting of Ls in series with

Rs (Figure 2.4) and ω is the angular frequency in rad/sec. Note that Rs

representing ohmic losses needs to be reduced to have a high Q.

Parasitic capacitances (Cp, Csub, Cox/2) resonate with the inductance of

the inductor at fsr, which decreases with the increased size of the inductor

that contribute increased parasitic capacitances. Before fsr, the inductive

impedance of the inductance dominates the capacitive impedance of the par-

asitic capacitances, and the overall impedance of the inductor becomes in-

ductive. At fsr, the impedance of the inductor becomes pure resistive, and Q

becomes zero. After fsr, the impedance of the parasitic capacitances dominate

the impedance of the inductance, and the overall impedance of the inductor

becomes capacitive. Thus, a high self-resonant frequency increases the induc-

tive operating range or bandwidth of inductors. The close proximity of the

large structure of an inductor to the substrate, contributing more parasitic

capacitances, reduces fsr [2]. Therefore, in CMOS processes, passive induc-

tors are constructed using the top-level metal layer of multilevel layers, which

are placed one above other on the silicon substrate. The increased distance
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between the top metal layer and the silicon substrate contributes less parasitic

capacitances.

2.1.4 Frequency Characteristics of On-Chip Passive Inductors

The lumped-element model of an on-chip passive inductor indicates that in-

ductance Ls and quality factor Q are frequency-dependent parameters [2].

Typical simulation and measurement tools for inductors can provide inductive

impedance, Zind and its imaginary part Im(Zind) and real part Re(Zind) over

frequency. Note that Im(Zind) is pure reactive (=XL), and Re(Zind) is pure

resistive (=R). Hence, Ls and Q are determined as

Ls =
Im(Zind)

ω
=

XL

ω
=

XL

2πf
, (2.3)

and

Q =
Im(Zind)

Re(Zind)
=

XL

R
, (2.4)

where ω (=2πf ) is the angular frequency in rad/s and f is the frequency in

Hz.

Figure 2.5 shows the simulated frequency characteristics of Zind, Im(Zind),

Re(Zind) and Phase(Zind) of a 5.0nH single-ended CMOS passive inductor

whose physical dimensions are : metal width (W ) of 15µm, number of turns

(n) of 4.5, metal spacing (S ) of 3µm, inner diameter (din) of 60µm, outer

diameter of 285µm, and the occupied area of 285µm × 285µm. Zind is the

magnitude of the inductive impedance of the inductor. The resonant peaks

of Zind and Re(Zind) occur at 9.6GHz, which is the resonance frequency (fsr)

or zero-crossing frequency (f0) of Im(Zind). Zind and Im(Zind) increase with

frequency starting from low frequency but Re(Zind) remains constant up to

5.6GHz. At fsr ( or f0), Im(Zind) is zero but Zind is purely resistive with

maximum Re(Zind). After fsr, Im(Zind) becomes negative, and the magnitude

of Zind decreases with the decreasing of Im(Zind). The phase angle of Zind,

Phase(Zind) is positive before fsr indicating the inductive impedance region.

Figure 2.6 shows the frequency characteristics of inductances Ls and Q of

18



CHAPTER 2. CMOS ON-CHIP INDUCTORS

2 4 6 8 10 12 14 16 18 20
−1.00

−0.50

0.00

0.50

1.00

1.50

2.00

2.50

Im
p

ed
a

n
ce

 (
K

Ω
)

Zind

ReZind)

Im(Zind)

2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

−120

−80

−40

0

40

80

120

P
h

a
se

 (
D

eg
re

e)

"Phase(Zind)

Figure 2.5: Impedances and phase of 5nH CMOS passive inductor over fre-
quency.

19



CHAPTER 2. CMOS ON-CHIP INDUCTORS

2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

−15

−10

−5

0

5

10

15

20

In
d

u
ct

a
n

ce
, 

L
s 

(n
H

)

−15

−10

−5

0

5

10

15

20

Q
u

a
li

ty
 f

a
ct

o
r 

(Q
)

Ls

Q

Figure 2.6: Inductance and Q of 5nH CMOS passive inductor over frequency.

the 5.0nH single-ended passive inductor. Ls exhibits 5.0nH over DC-to-3.0GHz

range, and the maximum Q of 17.0 is obtained at 2.8GHz. At fsr both Q and

Ls are zero, and after fsr, Ls becomes negative and decreasing with frequency.

This also indicates the capacitive characteristic of the inductor after fsr.

Figure 2.7 shows the frequency characteristics a 5.0nH and a 1.75nH induc-

tors with different physical dimensions. With wide metal width (W =15µm)

and 4.5 turns of the spiral, the 5.0nH (≈5.1nH) inductor occupies a chip area

of 285µm × 285µm and exhibits fsr of 9.6GHz. With narrow metal width

(W =6µm) and 4.5 turns of the spiral, the 5.0nH (≈5.0nH) inductor occupies

an area of 200µm × 200µm and exhibits an fsr of 14.0GHz. On the other

hand, the small-structure 1.74nH inductor with wide metal width (W =15µm)

and 2.5 turns of the spiral exhibits an fsr of 22.7GHz. Hence, with increased

metal width, and increased spiral length (increasing number of turn), para-

sitic capacitances increase significantly, and fsr decreases drastically. It is also

evident that even for the same inductance value of 5.0nH, the inductor with

wide metal width (15µm) has an fsr of 9.6GHz, which is far below the fsr
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Figure 2.7: Inductances of 5nH and 1.75nH CMOS passive inductors over
frequency.

(14.0GHz) of the narrow metal width (6µm) inductor. Note that large-width

inductors are required in RFICs to carry a large amount of DC current.

2.1.5 Advantages and Disadvantages of Passive Inductors

Theoretically, passive inductors do not consume power assuming a negligible

resistance of metal wires. Thus, in low-power design environments, a high DC

voltage headroom is available for output signals with inductive loads that lead

to increased linearity. Because of negligible resistance, passive inductors are

not considered significant sources of noise in RF circuits.

The main drawback of using on-chip passive inductors is their large chip

areas as long traces of wide metal wires are used in their structures. Physical

sizes of inductors increase with increased inductances, and increased current-

carrying capabilities. High inductances with large structures (long spirals and

wide metal widths) reduce both Q and resonance frequency of inductors. Long

spiral wires increase losses (ohmic and substrate losses), and in turn, decrease
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Q. Increased parasitic capacitances of large-structure inductors decrease reso-

nance frequency, and in turn, limit operating bandwidths of inductors. More-

over, due to the fixed structures, passive inductors can not be tuned with

varying values of inductance and Q.

To prevent magnetic coupling between an inductor and the nearby large

structures such as other inductors and circuits, it needs to be isolated from

them with a large physical spacing. Hence, for improved performance, on-chip

passive inductors require an additional chip area. Through large structures of

on-chip passive inductors, noise from the substrate is coupled to RF circuits

and degrades the noise performance of sensitive RF circuits. To reduce sub-

strate noise-coupling, the additional protection schemes (ground-shields and

metal-shields) are used for on-chip inductors. These require additional pro-

cessing and masking steps that lead to the use of specialized CMOS fabrication

processes, namely RF CMOS processes. Hence, many of these disadvantages

of on-chip passive inductors have led to the use of on-chip active inductors in

the design of RF and microwave integrated circuits.

2.2 CMOS On-Chip Active Inductors

2.2.1 Evolution of Active Inductors

Active inductors evolved in the mid 60’s when intensive efforts were going

on to realize inductorless filters or active filters [15]. However, a number of

development of electric circuits and theories during the late 40’s to mid 50’s

led to the concept of active inductors. In 1948, the new electric network el-

ement, namely the gyrator, a positive impedance inverter, was created [16].

Subsequently, from the mid 50’s to mid 60’s, the development of gyrator-

based impedance inverter circuits, and the realization of transistor gyrators

and gyrators with operational amplifiers, advanced the development of active

inductors. Another concept of active inductors originated from the theory

of the negative impedance converter in the early 50’s followed by the subse-

quent development of RC active filters in the mid 50’s [17, 18]. The core of

the negative impedance converter is an operational amplifier that converts a
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capacitance into a negative capacitance, which provides inductive impedance.

In the late 60’s, gyrator-based active filters were being popularly devel-

oped for microwave and ultra high-frequency (UHF) applications [19]. The

gyrator is a two-port network and transforms a load impedance into an in-

put impedance, which is proportional to the inverse of the load impedance.

Thus, the gyrator loaded with a capacitance provided a virtual inductance.

Depending on the applications, the development of active inductors contin-

ued using both gyrators and operational amplifiers. From the early 80’s to

late 80’s, monolithic microwave integrated circuit (MMIC) active inductors

for GHz-range operation were developed using GaAs technology. In 1988, a

fully integrated broadband MMIC active inductor operating over 5.0GHz was

reported [20]. From the early to the mid 90’s, submicron CMOS technologies

have boosted the development of gyrator-based CMOS active inductors for

high-frequency applications. In 1990, a fully-integrated CMOS active filter

based on gyrator was reported in the literature [21]. Today, CMOS active

inductors are being considered and developed for designing area-efficient RF

and microwave integrated circuits.

2.2.2 Theory of Active Inductors

Active inductors are realized using a well-known gyrator-capacitor (gyrator-C )

configuration. Figure 2.8(a) shows a gyrator, which is a two-port network and

consists of two transconductors (voltage-to-current converters) (Gm1 and Gm2)

connected back-to-back in a feedback configuration [21]. A load impedance

connected at node 2 is transformed into an input impedance at node 1, which

is inverse to the load impedance. Figure 2.8(b) shows the gyrator loaded

with a capacitor C. The transconductors provide currents i1 and i2 from their

respective input voltages of Vin (=V1) and V2). Hence, input impedance Zin is

calculated as

Zin(s) =
sC

Gm1Gm2

= sLs. (2.5)

Thus, inductance (Ls) is obtained as
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Figure 2.8: (a) Two-port gyrator network, (b) gyrator-C configuration.

Ls =
C

Gm1Gm2

. (2.6)

Note that Zin is inductive impedance and Ls is the inductance. Hence, a

capacitance C at the output has been gyrated into an inductance Ls at the

input. Here, the gyrator-C inductor is a one-port grounded active-inductor

because Zin is defined with respect to ground. For gyrator-C active induc-

tors, transconductors with opposite signs can be realized with transistors or

amplifiers. For a MOSFET transistor, its transconductance is defined as the

ratio of the change of its drain (or source) current to the change of its input

voltage at a constant DC voltage level (DC bias voltage) [22]. Thus, transcon-
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ductance Gm1 and Gm2 can be realized with a single-transistor amplifier of

common-source or common-gate or common-drain configuration [22].

2.2.3 CMOS Implementation of Active Inductors

Using two single-transistor amplifiers of common-source and common-drain

configurations, the implemented CMOS active inductor is shown in Figure

2.9(a), which is known as the Generalized Impedance Converter (GIC) [23].

Transistors M1 and M2 form two back-to-back connected transconductors of

gm1 and gm2 respectively, and gate-source capacitance, Cgs2 of transistor M2

is the capacitance that transformed into an inductance. Here, the GIC resem-

bles the gyrator-C configuration of Figure 2.8(b) except that capacitance Cgs2

is connected between two ports of the gyrator instead of its one port to be

grounded. Gate-source capacitance Cgs1 of M1 comes in parallel with induc-

tance. Using transistor models that take into account gate-source capacitance

Cgs, gate-drain capacitance Cgd, transconductance gm and output conductance

gds, the simplified small-signal model of the CMOS active is shown in Figure

2.9(b). Here, input impedance Zin or admittance Yin(=1/Zin) of the active

inductor as shown in Figure 2.9(b) can be expressed as

Yin(s) = sCgs1 + gds2 +
(gds1 + gm1 + sCgd2)[gm2 + s(Cgs2 + Cgd1)]

gds1 + s(Cgs2 + Cgd1 + Cgd2)
. (2.7)

At very low frequency (LF) and very high frequency (HF), Zin can be

approximated as follows:

Zin,LF (s) ≈ gds1

gm1(gds1 + gm1)
. (2.8)

Zin,HF (s) ≈ Cgs2 + Cgd1 + Cgd2

Cgd2(Cgs2 + Cgd1)
. (2.9)

Note that Zin is resistive at LF but capacitive at HF. Over the mid-
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Figure 2.9: (a) CMOS GIC active inductor (reproduced from [23]), (b) small-
signal equivalent model of active inductor, (c) equivalent RLC circuit of in-
ductive impedance, Zind.

frequency (MF) range, Zin is inductive and can be expressed as

Zin,ind(s) =
gds1 + s(Cgs2 + Cgd1 + Cgd2)

(gds1 + gm1 + sCgd2)[gm2 + s(Cgs2 + Cgd1)]
. (2.10)

Note that, inductive impedance Zin,ind is a second-order transfer function,

and can be modeled with an equivalent RLC circuit of Figure 2.9(c), where Ls
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represents the inductance of the active inductor, Rs is the resistance in series

with Ls, Cp is the parallel capacitance and Rp is the parallel resistance. These

elements are derived as follows:

Ls =
Cgs2

gm1gm2

. (2.11)

Rs =
gds1

gm1gm2

. (2.12)

Cp = Cgs1. (2.13)

Rp =
1

gm2

. (2.14)

The parameters of the active inductor, Q and resonance frequency (ω0

rad/s) are derived using the elements of the RLC model as

ω2

0
=

1

LsCp

=
gm1gm2

Cgs1Cgs2

, (2.15)

and

Q = ω0

Ls

Rs

= ω0

Cgs2

gds1

. (2.16)

In deriving Q, the effects of Cp and Rp are neglected. Note that in the active

inductor of Figure 2.9, the output conductance gds1 of transistor M1 limits

Q. With a high gds1, series resistance Rs increases, which in turn increases

losses in the inductor and decreases Q. The low output resistance (rds1) or

high conductance (gds1) provides a low gain for the common-source amplifier

(consisting of transistor M1 and current-source I1). The low gain (gm1rds1 or

gm1/gds1) reduces the amount of negative feedback at the input of the active

inductor (Figure 2.9) and reduces the inductive operating bandwidth. Note

that in the expression of inductive impedance Zin,ind (Equation 2.10), there are

two poles (ωp1 and ωp2) and one zero (ωz). The inductive operating bandwidth

is limited within the range starting from zero (ωz) at gds1/(Cgs2 + Cgd1 +

Cgd2) to the dominant pole (ωp1) at gm2/(Cgs2 + Cgd1). The upper limit of
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Figure 2.10: (a) Cascode active inductors, (b) regulated cascode inductors.
(reproduced from [4])

inductance operating bandwidth reaches the unity-gain-cut-off frequency (ft)

of transistor M2 (ft
∼= gm2

Cgs2

) but the lower end of the bandwidth is limited

by zero ωz, which depends on gds1. Thus, a low output resistance (rds1) or a

high conductance (gds1) of transistor M1 reduces both Q and the inductance

operating bandwidth.

To improve Q and widen inductive operating range, the modified cascode

active inductor is proposed as shown in Figure 2.10(a) [4], where cascode tran-

sistor M3 sits on transistor M1 of the GIC (Figure 2.9). The cascode tran-

sistor M3 reduces the conductance or increases the output resistance of M1,

and in turn, increases the gain of the cascode amplifier. Note the increased

output resistance of transistor M1 and the increased gain of the cascode am-

plifier are gm3rds1rds2 and gm1gm3rds1rds2, respectively. Like GIC, the inductive

impedance of cascode active inductor is also modelled by an RLC circuit and

its elements are derived as follows:
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Ls =
Cgs2

gm1gm2

. (2.17)

Rs =
gds1gds3

gm1gm2gm3

. (2.18)

Rp =
1

gm2

. (2.19)

Cp = Cgs1. (2.20)

Neglecting the effect of Rp, the Q and ωo of the cascode active inductor

are expressed as follows:

Q = ω0

Ls

Rs

= ω0

Cgs2gm3

gds1gds3

. (2.21)

ω2

0
=

gm1gm2

Cgs1Cgs2

, (2.22)

Note that, reduced Rs due to the increased output resistance and the en-

hanced gain of the cascode amplifier (M1, M3 and I1) increases Q. In other

words, the increased gain of the cascode stage reduces losses in the inductor

leading to a high Q. To further increase the gain of the cascode stage, the

cascode transistor M3 is regulated by a feedback amplifier (common-source

amplifier) consisting of transistor M4 and current-source I3 as shown in Figure

2.10(b), which is called the regulated cascode configuration [4]. The feedback

amplifer does not affect the inductive bandwidth and the operation of the

core cascode inductor because it is not located in the main signal path (via

transistors M1, M3 and M2).

The inductance (Ls), quality factor (Q) and resonance frequency ω0 of

CMOS active inductors (Figures 2.9 and 2.10) depend on small-signal and de-

vice parameters : transconductance gm, output conductance gds, gate-source

capacitance Cgs, and gate-drain capacitance Cgd. These parameters are bias-

dependent parameters and vary with the changing biasing conditions of induc-
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tor circuits. Thus, active inductors become tunable with varying values for Ls,

Q and ω0. Hence, by controlling current sources (I1, I2 and I3) with external

voltages, CMOS active inductors of Figures 2.9 and 2.10 can be tuned.

2.2.4 Frequency Characteristics of CMOS Active Inductors

Note that the expressions of Ls, Q and ω0 of CMOS active inductors (Figures

2.9 and 2.10) contain capacitances (Cgs and Cgd) whose impedances are fre-

quency dependent. Therefore, like on-chip passive inductors, the parameters

of active inductors also depend on operating frequencies. The cascode active

inductor in Figure 2.10(a) is simulated in a deep submicron CMOS process

(STMicroelectronics 90nm CMOS process). Figure 2.11 shows the frequency

responses of Zind, Re(Zind) (real or resistive part), Im(Zind) (imaginary or

reactive part) and Phase(Zind) (Phase angle) of the cascode active inductor.

Like CMOS passive inductors, Zind and Im(Zind) increases with frequency

while Re(Zind) remains constant up to a very high frequency (over 10.0GHz).

At a certain frequency, Zind and Re(Zind) exhibit peak values while Im(Zin)

becomes zero, and this is the resonance frequency, f0 (around 13.7GHz) for

the CMOS cascode active inductor. Starting from a low frequency to the f0,

the positive Phase(Zind) (phase angle) indicates the inductive operating re-

gion. Note that in the lower frequency region (below 6.0GHz) of inductive

impedance, Phase(Zind) is less than 900. Although active inductors exhibit

phase angle less than 900 in the lower frequency part of the inductive region,

they still can be used in an application like inductive peaking. After resonance

frequency, Im(Zind) becomes negative while both Zind and Re(Zind) continu-

ously decrease. The frequency characteristics of CMOS cascode active inductor

(Figure 2.11) are similar to those of an on-chip passive inductor (Figure 2.5).

Figure 2.12 shows the simulated frequency responses of inductance (Ls) and

quality factor (Q) of CMOS cascode active inductor. Note that at resonance

frequency (zero-crossing frequency), both Q and Ls are zero, and they becomes

negative after resonance frequency. Hence, the frequency characteristics of (Ls)

and Q of CMOS cascode active inductor resemble those (Figure 2.6) of the

passive inductor. The CMOS cascode active inductor achieves an inductance
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Figure 2.12: Inductance and Q of CMOS cascode active inductor over fre-
quency.

of 14.0nH (at DC) and a maximum Q of 70.0 whereas a 5.0nH (at DC) CMOS

passive inductor achieves a maximum Q of 17.0 (Figure 2.6). A 5.0nH passive

inductor reaches f0 below 10.0GHz, whereas a cascode active inductor with a

14.0nH value reaches f0 of 13.8GHz. Hence, the CMOS active inductor has

relatively higher resonance frequency with high inductance values. The 5.0nH

passive inductor occupies a chip area of 285µm × 285µm (0.08mm2), whereas

the estimated chip area of the CMOS cascode active inductor is 30µm × 20µm

(0.0006mm2). Thus, a 14.0nH CMOS cascode active inductor is almost 133

times smaller than that of a 5.0nH on-chip passive inductor.

2.2.5 Previous Designs of CMOS Active Inductors

Depending on their applications, many configurations for CMOS one-port ac-

tive inductors have been proposed. CMOS cascode active inductors in Figure

2.10 require a minimum supply voltage (VDD) of twice the gate-source voltage

(VGS) plus one overdrive voltage (or gate drain-voltage VDS,sat) (=2VGS+VDS,sat)

32



CHAPTER 2. CMOS ON-CHIP INDUCTORS

(c)

VDD

M2a

M1a
+

-

Zind

M3a M3b

I1

VSS

Vb M2b

M1b

I2

VSS

Vb

I3

(a)

VDD

M1

I1

Zind

VSS

M2Vb

(b)

MN3

VDD

Ib

Zind

Ib

MP3

MN1

MP1MN2

MP2

VSS

Vb1

Vb2

VDD

VSS

Figure 2.13: (a) Low-voltage active inductor, (b) class AB active inductor, (c)
two-port floating active inductor (reproduced from [24],[25] and [26]).

of transistors. For a low voltage operation, the active inductor in Figure 2.13(a)

has been proposed [24], and it requires a minimum VDD of VGS plus VDS,sat

(VGS+ VDS,sat) only. This active inductor exhibits better noise performance

because of using only a few transitors. However, with a low parallel resistance
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Rp of its RLC model, the active inductor in Figure 2.13(a) exhibits a low Q

(Q = Rp/ωLs).

For increased signal handling capability along with low voltage operation,

the CMOS active inductor of class AB configuration has been proposed as

shown in Figure 2.13(b) [25]. This circuit consists of two complementary

folded-cascode amplifiers and a push-pull stage. The signals at the input of

the inductor swing between VDD plus VTHN (VDD+VTHN) and VSS plus VTHP

(VDD+VTHN) where VTHN and VTHP are the threshold voltages of NMOS and

PMOS transistors, respectively. With complementary power supplies (+VDD

or -VSS), the maximum swing can be obtained as 2VDD or 2VSS but still the

circuit can operate with a minimum supply of VGS+ VDS,sat. One of the lim-

itations of this active inductor is that with increased dynamic range, the in-

ductance varies widely. Moreover, an increased number of transistors degrades

the noise performance of the inductor. Besides one-port CMOS active induc-

tors, a two-port floating active inductor is shown in Figure 2.13(c) [26]. This

double-ended active inductor is obtained by connecting two active inductors of

Figure 2.13(a) through a pair of cross-coupled transitors M3a and M3b. The

inductive Impedance Zind is obtained between nodes (±) and therefore, this

inductor is called the differential or floating inductor. One common feature of

all CMOS active inductors in Figure 2.13 is that they can be made tunable by

controlling current sources using external voltages.

2.2.6 Comparison between Passive and Active Inductors

Comparisons between passive and active inductors allow for choosing one over

others with the most favorable advantages in the design of RFICs. The most

practical advantage of using active inductors over passive inductors is the sub-

stantial reduction of the chip real estate leading to the low-cost development of

RFICs. CMOS on-chip passive inductors are constructed using metal wires on

silicon substrates. When energized, the magnetic and electric fields are created

in passive inductors, and energy is stored in them. As a stand-alone element, a

passive inductor exhibits inductance, often called the self-inductance but with

two or more closely placed inductors, they also exhibit mutual inductance be-
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tween them. Hence, it is difficult to model and analyze an on-chip passive

inductor in presence of other closely spaced inductors and circuits because of

the electro-magnetic coupling among them. Moreover, mutual inductances af-

fect the performances of core RF circuits. Inductance, quality factor Q, and

resonance frequency of passive inductors depend on their physical shapes and

sizes. The higher the inductance required, the larger the size of the induc-

tor. The larger size inductor with long wires reduces Q because of higher

amounts of resistive and substrate losses. The large size of inductors also re-

duces resonance frequency because of increased parasitic components, and in

turn, reduces the inductance operating frequency range. Theoretically, there is

no voltage drop across passive inductors as the resistance of the metal wires is

considered negligible. Therefore, a high DC voltage headroom is available with

inductive loads allowing for large signal swing across them, and this leads to

the development of highly linear RF and analog circuits [2, 3]. Theoretically,

passive inductors do not contribute noise to core RF circuits because of negli-

gible resistances. However, noise from other noisy circuits is coupled to them

via the substrate and penetrates to noise-sensitive RF and analog circuits.

Because of fixed metal structures, passive inductors can not be tuned.

CMOS active inductors are impedance-converter circuits, mimicking in-

ductive behavior. The positive impedance converter circuits (using gyrator)

of active inductors transforms a capacitance into a virtual inductance. There

is no real existence of magnetic field, and the node capacitances (of transis-

tors) work as energy-storage devices. Thus, in absence of real magnetic fields,

closely-spaced active inductors do not interact with each other; hence, there is

no existence of mutual inductance. The inductance of active inductors depend

on the intrinsic capacitances and transconductances of transistors. Using small

size devices, and spending a small amount of power for CMOS active induc-

tors, high and tunable inductances can be obtained. Moreover, lower losses

(resistive and substrate losses) of small size devices cause a high Q for active

inductors. Small areas of active inductors contribute less parasitic components

(resistances and capacitances) to the substrate leading to high resonance fre-

quency. Unlike passive inductors, one of the important advantages of active
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Table 2.1: Typical parameters of active and passive inductors.

Item Passive inductors Active inductors
Inductance(nH) 65.0 5.0-100.0

Quality factor (Q) 5.0-30.0 10.0-1000.0
Tunability No Yes

inductors is their tunability. Since active inductors are circuits, they consume

a certain amount of DC power depending on device sizes and bias conditions.

Because of the inherent noise of transistors, active inductors are noisy. There-

fore, active inductors are not suitable to be used in the input matching network

of RFICs as they directly contribute noise to the input-referred noise of the

RFICs. Depending on their configurations, active inductors also require a cer-

tain supply voltage to be operated. With a low supply voltage, a low voltage

headroom is available at the their inputs. This causes the limited swing of sig-

nals at the inputs of active inductors that results into a low linearity. Hence,

active inductors can not be suitably used for power amplifiers where output

signal can swing above the supply voltage.

Whether using active or passive inductors, the achievable inductance (Ls),

Q, resonance frequency (f0), and chip-area need to be considered. In CMOS

process technologies, passive inductors can achieve inductance of a few nH

(65.0nH) because of the practical limitation of the required chip area (greater

than 300µm × 300µm for 5.0nH inductance). On the other hand, an active

inductor can achieve tens of nH (10.0nH to 100.0nH and over) while requiring

a small chip area. With advanced process technologies and design techniques,

CMOS passive inductors can have Q of 5.0 to 30.0, whereas active inductors

can have Q of 100.0-1000.0 and over. For sub-nH to nH inductance, f0 of pas-

sive inductors drops from tens of GHz to a few GHz but f0 of active inductors

does not decrease drastically because the sizes of the passive inductors remain

almost the same and do not contribute to increased parasitics. The tuning of

active inductors also allow for varying Ls, Q, and f0. Table 2.1 summarizes

typical values for the parameters of active and passive inductors.
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Chapter 3

Q-Enhanced and Bandwidth-Extended

Tunable CMOS Active Inductors

This chapter presents two new CMOS configurations for quality factor (Q)

enhancement and bandwidth extension of tunable active inductors. A Q-

enhanced active inductor employing positive and negative feedbacks is intro-

duced and described in Sections 3.1 to 3.3. Then, an extended-bandwidth

active inductor using dual negative feedbacks is presented in Sections 3.4 to

3.5. The proposed inductors are designed and fabricated in a 90nm digital

CMOS process. The measurement results along with simulation results are

presented to evaluate the performances of the fabricated active inductors.

3.1 Proposed Q-Enhanced CMOS Active Inductor

CMOS active inductors based on classical gyrator-C configuration emulate an

inductive input impedance by gyrating a load capacitance into an inductance.

This inductive input impedance can be modelled by a parallel RLC circuit,

whose equivalent impedance is expressed with a second-order transfer function

as described in Chapter 2. The first CMOS implementation of an active in-

ductor resembling gyrator-C configuration, and its inductive input-impedance

(Zind) modelled by an RLC circuit are shown in Figure 3.1 [23]. In the RLC

circuit of Figure 3.1(b), Ls represents the inductance of the active inductor in

series with a resistance Rs, Rp is the parallel resistance and Cp is the parallel
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VDD

M1
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I2

Zind

VSS

(a) (b)

Ls

Rs

Rp CpZind

VSS

Figure 3.1: (a) CMOS active inductor resembling gyrator-C configuration, (b)
equivalent RLC model of inductive impedance, Zind.

capacitance. Rs and Rp represent losses (series and parallel) of the inductor.

Rs and Q of this active inductor (Figure 3.1) are derived in Chapter 2 as

Q = ω0

Cgs2

gds1

(3.1)

and

Rs =
gds1

gm1gm2

, (3.2)

where gds, gm and Cgs with subscript notations (1, 2) represent conductance,

transconductance and gate-source capacitance of the corresponding transistor

respectively. In deriving Q, the effect of Rp is neglected. Note that Q de-

creases with a high output conductance gds1 (or a low ourput resistance rds1)

of transistor M1. A high gds1 (=1/rds1) causes a high loss in the inductor,

yielding a high series resistance Rs with inductance Ls. In other words, the

low-gain (gm1rds1) of the common-source amplifier (consisting of transistor M1

and current-source I1) in the inductor (Figure 3.1) caused by a low rds1 (or a
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Figure 3.2: (a) CMOS cascode active inductor, (b) equivalent RLC model of
inductive impedance, Zind.

high gds1) reduces the amount of negative feedback at the input of the inductor

(Node 1). This reduced negative feedback results in an increased Rs, and in

turn, results in a low Q for the active inductor.

To improve the Q factor, a CMOS cascode active inductor is proposed as

shown in Figure 3.2(a), where a cascode transistor M3 tops on transistor M1

[4]. The RLC model of the inductive impedance (Zind) of the cascode active

inductor is shown in Figure 3.2(b), and its elements Ls, Rs, Rp and Cp are

derived as follows:

Ls =
Cgs2

gm1gm2

. (3.3)

Rs =
gds1gds3

gm1gm2gm3

. (3.4)
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Rp =
1

gm2

. (3.5)

Cp = Cgs1. (3.6)

Neglecting the effect of Rp, the Q of the cascode active inductor is expressed

as

Q = ω0

Ls

Rs

= ω0

Cgs2gm3

gds1gds3

. (3.7)

Note that conductance gds3 (in the order of 10−6) of transistor M3 is much

smaller than its transconductance gm3 (in the order of 10−3). Hence, Rs is

significantly reduced due to the induction of gds3 in the numerator of the ex-

pression of Rs, and thus, series losses in the inductor is reduced leading to a

very high Q. It is also evident from the expression of Q (Equation 3.7) that

gds3 appears in its denominator and this causes Q to be much higher than

that of the active inductor of Figure 3.1. In other words, the output resistance

(gm3rds1rds2) and gain (gm1gm1rds1rds2) of the cascode amplifier (consisting of

M1, M3 and I1) of the active inductor (Figure 3.2) are much higher than

those of the common-source amplifier of the active inductor (Figure 3.1). The

increased output resistance (or the reduced conductance) of the cascode am-

plifier enhances Q, yielding a low loss caused by a low series resistance Rs.

However, the increased output resistance and gain of the cascode amplifier do

not have any effect on Rp that causes parallel losses; these are comparable to

series losses caused by Rs. In deriving Q of the cascode inductor as expressed

by Equation 3.7, the effect of Rp is neglected. Taking Rp into account, the

effective quality factor (Qeff ) of the cascode active inductor can be expressed

as

Qeff ≈ ω0

1

Ls(
1

Rp

+
RsCp

Ls

)

. (3.8)

Thus, Qeff of the cascode active is lower than the Q obtained by Equation
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3.7. Hence, parallel losses caused by Rp contribute to the reduction of the

overall or effective Q (Qeff ) of the cascode active inductor.

For further enhancement of Q, along with series losses, parallel losses of

active inductors need to be reduced. In general, the inductive impedance

(Zind) of CMOS one-port active inductors, including the cascode inductor,

can be modeled by a typical parallel resonance circuit of Figure 3.3(a) where

resistances RsL and RsC appear in series with Ls and Cp, respectively, and Rp

is the parallel resistance. For CMOS active inductors, such an RLC model of

Figure 3.3(a) represents a combination of losses (series and parallel) appearing

in series or parallel with Ls (or Cp). To enhance the Q of active inductors,

here, a new RLC model is proposed as shown in Figure 3.3(b) where a negative

resistance Rn is introduced in parallel with Rp. Rn compensates the effects of

Rp, RsL and RsC to minimize active inductor’s overall losses. With narrowband

approximations [27], the RLC circuit of Figure 3.3(b) can be transformed into

an equivalent RLC circuit of Figure 3.3(c). In Figure 3.3(c), series losses

caused by RsL and RsC appear as parallel losses RpL and RpC , respectively.

RpL and RpC are approximately expressed as follows:

RpL
∼= Ls

RsLCp

. (3.9)

RpC
∼= Ls

RsCCp

. (3.10)

The circuit in Figure 3.3(c) can be transformed into an equivalent RLC

circuit of Figure 3.3(d) where lumped parallel element Req represents the total

losses of the active inductor and expressed as

Req = (RpL‖RpC‖Rp). (3.11)

In terms of conductances (G=1/R), Equation 3.11 can be rewritten as

Geq = GpL + GpC + Gp. (3.12)

Negative resistance Rn (1/Gn) parallel with Req (1/Geq) increases the ef-
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Req

Figure 3.3: (a) Typical RLC model of inductive impedance, Zind of CMOS
active inductors, (b) RLC model of Zind for proposed new Q-enhanced active
inductor, (c) equivalentRLC circuit of (b) with narrowband approximations,
(d) equivalent parallel RLC circuit of (c).

fective parallel resistance or decreases the effective parallel conductance (Geq)

as

Geff = Geq − Gn, (3.13)

where Geq and Gn are the conductances of resistances Req and Rn, respectively.

Hence, this decreased parallel conductance or increased parallel resistance will

reduce losses in the proposed new inductor, and in turn, will enhance Q.

Mathematically, the Q of the proposed new active inductor based on the RLC

model of inductive-impedance Zind of Figure 3.3(b) can be expressed as
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Figure 3.4: (a) Circuit of proposed Q-enhanced active inductor, (b) proposed
Q-enhanced active inductor with negative and positive feedbacks.

Qenhanced =
1

ω0Ls(Geq − Gn)
=

ω0Cp

Geq − Gn

. (3.14)

Hence, by choosing Rn (=1/Gn) very close to Req (=1/Geq), theoretically,

an infinite Q for the proposed new active inductor can be achieved.

3.1.1 Design of Q-Enhanced Active Inductor

Based on the new RLC model of Figure 3.3(b), a new Q-enhanced active

inductor is proposed as shown in Figure 3.4(a) [28], which embeds a pair of

cross-coupled transistors (M1 and M2) into a cascode configuration to create

a negative resistance for Q enhancement. Due to negative resistance, concur-

rent positive and negative feedbacks occur in the proposed active inductor as

shown in Figure 3.4(b). The negative feedback at the input (Node 1) through

transistors M2, M4 and M3 creates the inductive impedance by exploiting a
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CMOS gyrator-C configuration. The cross-coupled transistors M1 and M2

form a negative-impedance circuit (NIC) to provide positive feedback at the

input (Node 1). The positive feedback creates negative resistance (-r), which

increases the equivalent parallel resistance of the RLC circuit of the inductive

impedance (Zind) of the proposed inductor, and in turn, enhances Q yielding

low losses.

With negative feedback as shown in Figure 3.4(b), transistors M2 and M3

form two back-to-back connected transconductors (gm2 and gm3) resembling

two transconductors of a gyrator-C configuration. Input voltage Vin (at Node

1) is converted to a current by transistor M2. This current flows through

cascode transistor M4 and charge integration capacitance Cgs3 (gate-source

capacitance) of transistor M3, which converts charging voltage across Cgs3

into a current flowing through Node 1. Thus, input impedance Zin looking at

Node 1 becomes inductive yielding the gyrator-C configuration that includes

capacitance Cgs3 as the load, and two transconductors : gm2 and gm3. Cascode

device M4 increases DC gain, and in turn, increases the loop gain. The in-

creased loop gain reduces the series resistance of the inductance that reduces

series losses, and in turn, enhances the Q of the proposed active inductor.

With positive feedback, transistors M1 and M2 form negative resistance -r

between nodes 1 and 2 as

r = −(gm1 + gm2)

gm1.gm2

, (3.15)

where gm1 and gm2 represent the transconductances of transistors M1 and M2

respectively. As input voltage Vin is converted to a drain current by transis-

tor M2, it also charges combined gate-source capacitance (Cgs1 plus Cgs4) of

transistors M1 and M4. This charging voltage at Node 2 is fed back to the

input (Node 1) as a current converted by transistor M1. Thus, positive feed-

back occurs at the input through negative resistance -r. Positive feedback also

reduces the coupling of signals to the ground through gate-source capacitance

Cgs4 of cascode device M4. In summary, the negative and positive feedbacks

at the input (Node 1) reduce overall losses (both series and parallel losses) of
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the proposed new Q-enhanced inductor, and in turn, increase Q.

3.1.2 Large-Signal Analysis of Q-Enhanced Active Inductor

In the proposed new Q-enhanced active inductor (Figure 3.4), DC operating

points and nodal voltages are defined by a single current I. Indeed, if I is

the drain current of M2 (and M4), then the drain current of M1 (and M3) is

defined as a function of gate-source voltage VGS1 of M1, which is obtained by

subtracting gate-source voltage VGS4 of M4 from power supply voltage VDD.

Assuming all the transistors of the proposed active inductor are long-channel

devices, and they operate in saturation, then, neglecting their body effects, the

following equations for current I and supply voltage VDD are obtained using

MOSFET large-signal analysis of the proposed active inductor (Figure 3.4).

VDD = VGS4 + VGS1. (3.16)

I =
1

2
µnCox.(

W

L
)4(VGS4 − VTN)2 =

1

2
µnCox.(

W

L
)2(VGS2 − VTN)2, (3.17)

where µn, Cox and VTN (threshold voltage of NMOS transistor) are process

parameters, and W/L (=Width/Length) with subscript notations (1, 2, 3, and

4) is the aspect ratio of the corresponding transistor. For a known value of I,

gate-source voltages (VGS2 and VGS4) of transistors M2 and M4 are obtained

using equation 3.17, and voltage at Node 1 (V1) is calculated from VGS2. The

voltage at Node 2 (V2) equals gate-source voltage (VGS1) of M1, which defines

current I1 through transistor M1 or M3 (Figure 3.4). Hence, the following

equations are obtained as

V1 = VGS2 = VTN +

√

√

√

√

2I

µnCox(
W

L
)2

, (3.18)
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V2 = VGS1 = VDD − VGS4 = VDD − (VTN +

√

√

√

√

2I

µnCox(
W

L
)4

), (3.19)

and

I1 =
1

2
µnCox.(

W

L
)1(VGS1 − VTN)2. (3.20)

One can find gate-source voltage VGS3 of M3 as

VGS3 = VTN +

√

√

√

√

2I1

µnCox(
W

L
)3

. (3.21)

Hence, the voltage at Node 3 (V3) is equal to

V3 = VGS3 + VGS2. (3.22)

Thus, for a known value of current I controlled by Vcon (Figure 3.4), and for

known process parameters of transistors (µn, Cox and VTN), currents in all the

transistors, and voltages at all the nodes of the proposed active inductor can

be defined. Varying I by control voltage Vcon changes the biasing conditions of

the proposed inductor circuit, and in turn, changes device parameters (Cgs and

Cgd), and small-signal parameters (gm and gds) of transistors. The changing

of these parameters leads to the tuning of inductance Ls, resonance frequency

ω0 (in rad/s) and quality factor Q of the proposed active inductor.

3.1.3 Small-Signal Analysis of Q-Enhanced Active Inductor

In the proposed Q-enhanced active inductor (Figure 3.4), considering transis-

tor M4 simply transports the current of transistor M2, the small-signal model

including transistors M2 and M3 is shown in Figure 3.5(a), where input current

(iin) is obtained as

iin = −gm3vcgs3 + gm2vin, (3.23)
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Figure 3.5: (a) Developing small-signal model of Q-enhanced active inductor,
(b) equivalent RL circuit, (c) equivalent RLC circuit.

where

vcgs3 = −gm2vin.
1

sCgs3

. (3.24)

Hence, input admittance Yin (=1/Zin) is obtained as

Yin(s) =
iin
vin

=
gm2gm3

sCgs3

+ gm2 =
1

sLoe

+
1

Roe

, (3.25)

where

Loe =
Cgs3

gm2gm3

. (3.26)

Roe =
1

gm2

. (3.27)

Thus, Yin is a parallel connection of inductance Loe and resistance Roe

as shown in Figure 3.5(b). The capacitances of transistors contribute to an

equivalent capacitance (Coe) that appears in parallel with Loe and resistance

Roe as shown in Figure 3.5(c). The resonant frequency (ω0) and quality factor
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Figure 3.6: (a) Small-signal modeling of Q-enhanced active inductor introduc-
ing feedback, (b) equivalent RLC circuit.

(Q) factor of this parallel RLC circuit can be obtained as

ω0 =
1√

LoeCoe

=

√

gm2gm3

Cgs3Coe

. (3.28)

Q = ω0CoeRoe =

√

Coe

Cgs3

.

√

gm3

gm2

. (3.29)

Changing gm2 and gm3 will change both Q and ω0. This can be achieved

with feedback at the input through transistor M1 (Figure 3.4), which can be

modeled by a current source (KF gm1vin) appearing in the small-signal model

as shown in Figure 3.6(a). This gives Yin as

Yin(s) = KFgm1 + gm2 +
gm2gm3

sCgs3

. (3.30)

Here, Yin (=1/Zin) can be modeled by the equivalent circuit of Figure

3.6(b) where an additional resistance 1/KFgm1 appear in parallel with 1/gm2.
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A negative value for KF increases overall parallel resistance, and thus Q can

be made infinitely large by choosing as

1

gm2

= − 1

KF gm1

. (3.31)

The factor KF is expressed as

KF = −gm2

gm1

. (3.32)

Now, for negative gain from the source to the drain of the cascode transistor

M4 (Figure 3.4), and for negative factor KF (=-1), the overall feedback at the

input of the active inductor through transistor M1 becomes positive. Thus,

admittance Yin is obtained as

Yin(s) = sCgs2 + gm2(1 − gm1

gm4

) +
gm2gm3

sCgs3

. (3.33)

If the term gm2(1− gm1/gm4) is small, then the active inductor can provide

a very high Q factor. Thus, the small-signal analysis can be used to model

the active with an equivalent RLC circuit that can determine its parameters.

3.1.4 Parameters of Q-Enhanced Active Inductor

The parameters of the proposed Q-enhanced active inductor, Ls, ω0 and Q,
can be determined from the expression of the input-impedance Zin, looking
at Node 1 of the active inductor (Figure 3.4). Figure 3.7 shows the com-
plete small-signal model of the proposed inductor to determine Zin. As a first
approximation, taking gm and Cgs of transistors into account only while ne-
glecting gate-drain capacitance Cgd (Cgs > Cgd) and drain-source conductance
gds (gm > gds), Zin can be expressed as

Zin(s) =
Cgs3(Cgs1 + Cgs4)s

2 + Cgs3gm4s

Cgs2Cgs3(Cgs1 + Cgs4)s3 + Cgs2Cgs3gm4s2 + Cgs3gm2(gm4 − gm1)s + gm2gm3gm4

,

(3.34)

where gm and Cgs with subscripts 1,2,3 and 4 are the parameters of transistors

M1, M2, M3 and M4 respectively. Neglecting the non-dominant terms, at very
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Figure 3.7: Small-signal model of Q-enhanced active inductor.

low-frequency (LF), and at very high-frequency (HF), Zin can be expressed as

Zin,LF (s) ≈ sCgs3

gm2gm3

, (3.35)

and

Zin,HF (s) ≈ 1

sCgs2

. (3.36)

Note that at LF and HF, Zin is inductive and capacitive respectively.

Hence, inductive impedance starts from low frequency. Neglecting the non-

dominant terms, Zin over mid-frequency (MF) range can be expressed as

follows:

Zin,MF (s) ≈ s2Cgs3(Cgs1 + Cgs4) + sCgs3gm4

Cgs2Cgs3gm4s2 + Cgs3gm2(gm4 − gm1)s + gm2gm3gm4

(3.37)
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or

Zin,MF (s)(orZind) ≈
s2

Cgs1 + Cgs4

gm4Cgs2

+ s
1

Cgs2

s2 + s
gm2(gm4 − gm1)

gm4Cgs2

+
gm2.gm3

Cgs2.Cgs3

. (3.38)

Note that the expression of Zin,MF in Equation 3.38 is a second-order trans-

fer function, which indicates the existence of an inductive element as described

in Chapter 2. Here, Zin,MF (or Zind) can be compared with a second-order

transfer function of Equation 3.39.

Z(s) =

s2Rs + s
1

Cp

s2 + s
1

RpCp

+
1

LsCp

. (3.39)

As a second-order expression, Z(s) represents the equivalent impedance of

a parallel RLC circuit where Ls represents inductance, Cp is the capacitance

in series with resistance Rs and Rp is in parallel Ls. Comparing Zin,MF (s) of

Equation 3.38 with Z(s) of Equation 3.39, Zind of the proposed Q-enhanced

active inductor can be modeled by an RLC circuit of Figure 3.8(a), and the

elements of this RLC circuit are obtained as follows:

Ls =
Cgs3

gm2gm3

. (3.40)

Rs =
Cgs1 + Cgs4

gm4Cgs2

. (3.41)

Cp = Cgs2. (3.42)

Rp = − gm4

gm2(gm1 − gm4)
. (3.43)

Here, Rs represents a series loss of the proposed new active inductor that

51



CHAPTER 3. Q-ENHANCED AND BANDWIDTH-EXTENDED ACTIVE
INDUCTORS

(a)

LsZind -Rp

Cp

VSS

Rs

LsZind -Rp Cp

VSS

Req

(b)

Figure 3.8: (a) RLC circuit of inductive impedance Zind of Q-enhanced active
inductor, (b) equivalent parallel RLC circuit of (a) with narrowband approx-
imations.

appears in series with Cp instead of Ls. Rp is negative for gm1 greater than gm4.

Note that negative resistance Rp appears in parallel with Ls and Cp. With

narrowband approximations, the circuit in Figure 3.8(a) can be transformed

into a parallel RLC circuit of Figure 3.8(b) where Req is equal to

Req = Rs +
1

ω2

0
CpRs

∼= Rs(1 + Q2

C) ∼= Ls

CpRs

. (3.44)

where QC is the quality factor of the capacitor Cp at ω0 and is expressed as

QC =
1

ω0RsCp

. (3.45)

Here, overall Q (Qeff) and ω0 of the proposed active inductor are expressed

as

Qeff =
ω0Cp

1

Req

− 1

Rp

=
ω0Cgs2

Ls

CpRs

− (
gm1 − gm4

gm2gm4

)
, (3.46)

and

ω2

0
=

1

LsCp

=
gm2gm3

Cgs2Cgs3

. (3.47)
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Note that Qeff increases due to the subtraction term 1/Rp in the denomi-

nator of Equation 3.46 and ω0 reaches close to unity-gain-cutoff-frequency ft

(gm/Cgs) of a transistor.

More accurate parameters for the proposed Q-enhanced active inductor can

be obtained using complex models of transistors that also take into account

gds and Cgd along with gm and Cgs. However, deriving Zin using the complete

small-signal model of Figure 3.7 becomes a complex task; therefore, some non-

significant elements can be ignored. Because of small-size devices and low-

bias currents, Cgd4 and gds4 of transistor M4 can be neglected. Cgd3 and gds3 of

transistor M3 can also be neglected because they are very small compared with

Cgs3 and gm3 respectively. Conductance goc looking into the current-source I is

also neglected as it is very low due to a low I. Thus, inductive input impedance

Zind,cor over MF range can be approximated as

Zind,cor(s) ≈
s2fk + sek

s2[k(be + af) + (cg + dh)] + s[ake − (ch + id) + ci
. (3.48)

where coefficients a,b,c.......are obtained as follows:

a = gds1. (3.49)

b = Cgd1 + Cgd2 + Cgs1. (3.50)

c = gm2. (3.51)

d = Cgd1 + Cgd2. (3.52)

e = gds2 + gm4. (3.53)

f = Cgs1 + Cgs4 + Cgd1 + Cgd2. (3.54)
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g = Cgs3(Cgd1 + Cgd2). (3.55)

h = Cgs3(gm1 + gm4). (3.56)

i = gm3gm4. (3.57)

k = Cgs3. (3.58)

Equation 3.48 is also a second-order transfer function, and more accurate

or corrected (cor) elements of the proposed active inductor are obtained as

Ls,cor =
Cgs3(gds2 + gm4)

gm2gm3gm4

(3.59)

and

Rs,cor =
Cgs1 + Cgs4 + Cgd1 + Cgd2

Dcor

, (3.60)

where Dcor is

Dcor = Cgs3[(Cgs2 + Cgd1 + Cgd2)(gds2 + gm4)] + gds1[(Cgs1 + Cgs4)

+ Cgd1 + Cgd2)] + Cgs3(Cgd1 + Cgd2)(gm2 + gm1 − gm4). (3.61)

Rp,cor =
Cgs3(gds2 + gm4)

gds1Cgs3(gds2 + gm4) − [gm2Cgs3(gm1 − gm4) + gm3gm4(Cgd1 + Cgd2)]
.

(3.62)

Cp,cor = (Cgs2+Cgd1+Cgd2)+K1(Cgs1+Cgs4+Cgd1+Cgd1)+K2(Cgd1+Cgd2), (3.63)

where

K1 =
gds1

gds2 + gm4

, (3.64)

and

K2 =
gm2 + (gm1 − gm4)

gds2 + gm4

. (3.65)
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Figure 3.9: Small-signal circuit of Q-enhanced inductor for stability analysis.

Note that if gds1, gds2, Cgd1 and Cgd2 are neglected, then corrected equations

of the elements match with those obtained using simple transistor models.

3.2 Inductance and Stability Analysis of Q-Enhanced

Active Inductor

As an active circuit incorporating both positive and negative feedbacks, the

development of inductance, and the stability of the proposed inductor are

important design considerations. Using more general approaches, the devel-

opment of inductance for the proposed Q-enhanced active inductor can be

explained with a small-signal model of Figure 3.9. The cross-coupled transis-

tor pair (M1 and M2) creates negative impedance (or resistance) -Z (or -r).

Assuming the potential at the gate of transistor M3 increases by △V, it will be

repeated at the source of transistor M4, and will provide current △IZ flowing

into the source of transistor M3, which acts as the source-follower. Current

△IZ is approximately equal to -△V /r where r is expressed as

r = −gm1 + gm2

gm1.gm2

. (3.66)

Current △IZ will be repeated in the drain of M4, and a voltage-drop of △Vd
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Figure 3.10: (a) Positive feedback loop, (b) negative feedback loop.

will occur across rd, the total node resistance with a negative sign at the drain

of M4. △Vd tries to cancel △V, and this implies that there exists a negative

feedback. Negative resistance -r between the sources of M3 and M4 provide

a positive feedback loop as shown in Figure 3.10 (a). This negative-resistance

also creates a negative feedback loop that includes transistors M3 and M4 as

shown in Figure 3.10 (b). One can find the loop gain, Aloop,

Aloop ≈ −rd

r
. (3.67)

Hence, the operation of this circuit as an inductor where inductance seen

from the source of M3 is explained in the following way with figure 3.11(a).

The existence of node capacitance Cd parallel with rd gives impedance Zd as

Zd(s) =
rd

1 + Cdrds
. (3.68)

Now, source-current i sees the impedance Zi as

Zi(s) ∼=
1

gm3

1

1 +
Zd

r

. (3.69)
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Figure 3.11: (a) Small-signal circuit for input impedance Zin of active inductor,
(b) bode plot of Zin.

Zi(s) =
1

gm3

.
1 + Cdrds

(1 +
rd

r
) + Cdrds

. (3.70)

The bode plot of 4.16 is shown in Figure 3.11(b). Note that at LF and
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HF, Zi is resistive because it remains constant. Over MF range, Zi increases

with frequency and hence, it is inductive. The lower and upper limits of the

inductive impedance are set by ωL=1/Cdrd and ωH=1/Cdr respectively. In

inductive region, Zi,ind is obtained as

Zi,ind(s) ≈
1

gm3

.
Cdrds

1 +
rd

r

= sCdr.
1

gm3

, (3.71)

and

Zi,ind(s) ≈
sCd(gm1 + gm2)

gm1gm2gm3

. (3.72)

Hence, equivalent inductance Leq is

Leq ≈
Cd(gm1 + gm2)

gm1gm2gm3

. (3.73)

For gm1 is to be significantly greater than gm2, Leq is approximated as

Leq ≈
Cd

gm2gm3

. (3.74)

Here, the expression of Leq yields the classical gyrator-C configuration, and

in case of the proposed Q-enhanced active inductor, Cd is replaced with Cgs3,

which is gate-source capacitance of transistor M3.

For stability analysis, consider the circuit of Figure 3.12(a) which represents

the elements of Zi. Here, a unity-gain voltage-amplifier (Av=1) and a unity-

gain current-amplifier (Ai)=1) are used. At node 1, the nodal equations of

currents gives

vd.(1 + rdCds) = irdvd + rdCd.
dvd

dt
= ird. (3.75)

Since i also equals -vd/r and this gives

vd(1 +
rd

r
) + rdCd.

dvd

dt
= 0. (3.76)

Hence, from equations 3.75 and 3.76, the characteristic equation is obtained
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Figure 3.12: (a) Circuit with an ideal amplifier, (b) circuit with a finite-gain
amplifier, (c) circuit for input and output impedances.

as

(1 +
rd

r
) + rdCds = 0. (3.77)

Solving of Equation 3.77 for s gives
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s = −
1 +

rd

r
rdCd

. (3.78)

Note that s remains in the left half plane, and hence, the system is stable.

The use of such a stable system with finite-gain amplifiers, which have finite

input or output impedances, is explained with modified Figure of 3.12(b).

Ki and Kv are current and voltage gain of current and voltage amplifiers

respectively. Ri is the input resistance of the current amplifier and Rv is the

output resistance of the voltage amplifier. Hence, voltage vd and current i can

be expressed as

vd + rdCd

dvd

dt
= kird.i, (3.79)

and

i =
kvvd

Rv + Ri − r
. (3.80)

Replacing i in Equation 3.79 gives

vd(1 +
KiKvrd

r − Rv − Ri

) + rdCd

dvd

dt
= 0. (3.81)

Solving of Equation 3.81 for s gives

s = − 1

rdCd

(1 +
KiKvrd

r − Rv − Ri

). (3.82)

Note that s will be negative if r>(Rv+Ri), and this is the design condition

for the stable operation of the proposed active inductor. For r≫(Rv+Ri) and

r≫rd,

s ≈ −KiKv

rCd

. (3.83)

For the condition of r>(Rv+Ri), the characteristics of input and putput

impedances using Figure 3.12(c) can be explained. Input impedance Zi is

expressed as
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Zi(s) ∼=
Ri

1 +
KiKv

r − Rv − Ri

.
1

Cds

. (3.84)

At LF, Zi becomes

Zi,LF (s) ≈ Ri(r − Rv − RiCd)s

KiKv

. (3.85)

Hence, Zi,LF has the inductive component, and the equivalent inductance

is

Lei ≈
Ri(r − Rv − Ri)Cd

KiKv

. (3.86)

3.3 Implementation and Measurement of Q-Enhanced

Active Inductor

3.3.1 Design Implementation

The proposed Q-enhanced tunable active inductor (Figure 3.4) is designed and

implemented using STMicroelectronics 90nm CMOS digital CMOS process.

The current-source I is replaced with a PMOS device, whose gate is driven by

an external control voltage, Vcon. Small width (W ) minimum length (L) tran-

sistors contribute low capacitances (gate-source, gate-drain and other parasitic

capacitances) that ensure an increased operating frequency for active induc-

tors while consuming a small-amount of power. Therefore, the proposed Q-

enhanced active inductor is optimized using small-width and minimum-length

transistors with W in the range of 1.5µm to 5.0µm while all of them have

L of 100nm. Typically, these sizes of transistors provide transconductances,

conductances and capacitances with units of mS(mA/V), µS (µA/V) and fF

(femto Farad) respectively. Table 3.1 summarizes the widths and lengths of the

transistors of the proposed active inductor (Figure 3.4), which is optimized for

enhanced Q and increased operating frequency. The PMOS transistor, namely

transistor MI for the current-source I is chosen with W and L of 1.2µm and
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Table 3.1: Device sizes for Q-enhanced active inductor

M1 M2 M3 M4 MI
W (µm) 2.5 5 2.5 1.5 1.2
L (nm) 100 100 100 100 100

100nm, respectively.

Fabricated in STMicroelectronics 90nm CMOS digital process, the die

photo of the proposed Q-enhanced active inductor (Figure 3.4) with testing

(or bonding) pads is shown in Figure 3.13. The core chip-area of the active in-

ductor (AI-the black rectangular box in Figure 3.13), excluding bonding pads

is 0.00036mm2 (14µm × 26µm).

3.3.2 Measurement Techniques, Setups and Results

Typically, inductors are measured for scattering parameters (S-parameters)

using a Vector Network Analyzer (VNA), a two-port RF measuring equip-

ment. Then, measured S-parameters are converted into impedance parameters

(Z-parameter) or admittance parameters (Y-parameter) for the extraction of

inductance values. Here, the fabricated active inductor is a one-port circuit.

Therefore, the VNA measures input-return loss (S11) which is the reflection

due to the mismatch between the impedance of the VNA (typically 50Ω), and

the input impedance of the active inductor. S11 in terms of Z-parameter is

mathematically expressed as [29]

S11 =
Z11 − Z0

Z11 + Z0

, (3.87)

Z0 is the characteristics impedance, which is 50Ω in the measurement sys-

tem. Z11 is the impedance looking into the input of the active inductor, and

is expressed in terms of S11 as

Z11 = Z0.
1 + S11

1 − S11

. (3.88)

62



CHAPTER 3. Q-ENHANCED AND BANDWIDTH-EXTENDED ACTIVE
INDUCTORS

RFIN

VDD

VSS

VCON

AI

26µm

14µm

Figure 3.13: Microphotograph of fabricated Q-enhanced active inductor.

Impedance Z11 has reactive and real parts where the reactive part Im(Zind)

is inductive, and the real part Re(Zind) is resistive. Inductance (Ls) and quality

factor Q are calculated using Im(Zind) and Re(Zind) as

Ls =
Im(Z11)

ω
=

Im(Z11)

2πf
, (3.89)

and

Q =
Im(Z11)

Re(Z11)
, (3.90)

where ω is the angular frequency in rad/sec and f is the frequency in Hz.
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Figure 3.14: Measurement setup for measuring S-parameter (S11) of active
inductors.

Figure 3.14 shows the on-wafer measurement setup for the fabricated one-

port active inductor as the DUT (device under test) to obtain input-return

loss S11 at port 1 (input RF port). The inductor is measured using a GSG

(ground-signal-ground) probe touching down the input RF port of the active

inductor (Figure 3.14). Operated with a 1.2V supply, the fabricated tunable

active inductor draws a current of 365µA for control-voltage Vcon of 600mV

while it draws a current of 380µA in simulation. For the tuning of the active

inductor, Vcon is varied from 400mV to 700mV.

Figure 3.15 shows the measured and simulated frequency responses of mag-

nitude and phase angle of inductive impedance (Zind) of the active inductor for

Vcon of 600mV. The measured peak amplitude of magnitude(Zind) is 14.8kΩ

at 12.85GHz whereas the simulated peak amplitude is 15.8kΩ at 13.4GHz.

The positive phase angle starting from a few hundred MHz to 12.5GHz and

over ensures the existence of inductive impedance over a wide frequency range.

Figure 3.16 shows the measured frequency responses of real and reactive parts

of Zind along with the simulated responses. The real part Re(Zind) is resistive,
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Figure 3.15: Measured magnitude and phase of inductive impedance (Zind)
over frequency.
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and remains relatively constant up to 10.5GHz. Positive resistance ensures

the stable operation of the inductor. The imaginary part Im(Zind) increases

slowly with frequency indicating the wide inductive operating range in excess

of 10.0GHz. The zero-crossing frequency of Im(Zind) (=0) is the resonance

frequency (f0) and here, the measured f0 is 13.7GHz

Figure 3.17 shows the measured frequency characteristics of inductance

(Ls) and Q of the active inductor along with the simulated results. Start-

ing from a low frequency, the inductance changes slowly and linearly up to

10.0GHz, and the maximum inductance obtained is 120.0nH at 12.2GHz (mea-

sured). The Q of the active inductor also increases with frequency, and the

maximum Q is obtained over 220.0 at the frequency of 8.7GHz, which is well

below the resonance frequency, f0 (=13.7GHz). Around f0, the rising and

falling of the inductance are sharp. As inductance approaches resonance fre-

quency, the active inductor exhibits a low Q yielding a high resistance of

Re(Zind) (Fig. 3.16). At f0, both Q and Ls are zero (zero crossing line) indi-

cating Re(Zind) (resistance) is very high and Im(Zind) is very low. Thus, the

Q of the active inductor becomes very small (almost zero) at f0. Above f0,

inductance exhibits capacitive characteristics (negative inductance)indicating

the capacitance of the active inductor dominates the inductance. Note that the

measured Q is higher than the simulated ones. This is because the measured

Ls has a higher value with a reduced f0.

Figure 3.18 shows the measured inductance (Ls) of the Q-enhanced ac-

tive inductor over frequency for different voltages (400mV to 700mV) of Vcon.

Note that the resonance frequency (the zero-crossing frequency of the induc-

tances) is tuned from 11.4GHz to 14.2GHz for Vcon of 400mV to 700mV. It is

also note that the Q-enhanced inductor achieve a wide inductance bandwidth

(BW ) (linear region of inductance variation) of 300MHz to 12.1GHz for Vcon

of 400mV.

Figure 3.19 shows the tuning of the measured Ls and f0 as a function

of control voltage Vcon (350mV to 800mV). Note that Ls varies from 17.0nH

to 40.0nH at 5.0GHz, and with increasing operating frequency, the variation

of Ls increases further. At 10.0GHz, Ls varies from 33.0nH to 93.0nH. The
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Figure 3.16: Measured real and imaginary parts of inductive impedance (Zind)
over frequency.
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Figure 3.17: Measured inductance (Ls) and Q over frequency.
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Figure 3.18: Measured inductance (Ls) over frequency for different control
voltages (Vcon).

measured resonance-frequency f0 is tuned from 8.9GHz to 14.3GHz (Fig. 3.19).

Figure 3.20 shows the measured Q as a function of control voltage Vcon, and

the maximum Q (220.0) is obtained at 600mV. Table 3.2 summarizes the

measured and simulated results of the proposed Q-enhanced active inductor

(Ind.).

There are discrepancies between measured and simulated results. The Q-

enhanced active inductor is designed and simulated using the normal digital

transistors. One of the discrepancies between measured and simulated results

is due to model inaccuracies at high RF frequencies. The measurement er-

rors (de-embedding errors) over a wide frequency-range (200MHz-20.0GHz)

also causes discrepancies between measured and simulated results. In mea-

surement, a slightly reduced amount of current is drawn than it is drawn in

simulation because of the contact resistances between probe-tips and bonding

pads (power supply pads VDD and VSS), and the resistances of interconnects

wires inside the active inductor. This also causes the measured results to be

deviated from the simulated ones.
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Figure 3.20: Measured Q over control voltage (Vcon).

Table 3.2: Simulated and measured results of Q-enhanced inductor.

Ind. tuning range Max. Ind. BW Qmax f0 tuning range
(nH) (GHz) (GHz)

Simulated 14.0-118.0 0.2-14.0 190.0 9.0-15.2
Measured 16.0-120.0 0.2-13.1 220.0 8.8-14.3

3.4 Proposed Bandwidth-Extended CMOS Active In-

ductor

The proposed Q-enhanced active inductor (Figure 3.4) employing negative

and positive feedbacks exhibits high Q (over 220.0), high inductance (Ls)

(over 100.0nH) and limited inductive bandwidth (from a few hundred MHz to

over 10.0 GHz). In this active inductor, the combined gate-source capacitance

(Cgs1+Cgs4) of transistor M1 and M4 at the output node of transistor M2 limits

the operating bandwidth and reduces the amount of negative feedback. The
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Figure 3.21: Proposed bandwidth-extended tunable CMOS active inductor.

reduced negative feedback increases inductance but decreases the operating

bandwidth of the Q-enhanced active inductor. Here, a new active inductor

for an extended bandwidth is proposed as shown in Figure 3.21 [30] where the

amount of negative feedback is increased to increase the inductive bandwidth.

In the proposed bandwidth-extended active inductor, instead of using a direct

cross-coupled pair of transistors M1 and M2, an additional common-source

(consisting of transistor M5 and current source I2) gain-stage is incorporated.

This creates the second negative-feedback loop at the input (Node 1) of the

active inductor (Figure 3.21). The second feedback loop minimizes the effect

of combined gate-source capacitance (Cgs1 plus Cgs4) of transistor M1 and M4,

and further extends the inductive bandwidth.

As shown in the bandwidth-extended active inductor (Figure 3.21), input

voltage Vin at Node 1 is converted to a current by transistor M2. This current
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flowing through Node 2 charges gate-source capacitance Cgs3 of transistor M3,

and the first negative feedback at the input (Node 1) occurs through transis-

tors M4 and M3. Thus, the inductance is formed resembling the gyrator-C

configuration where transistors M2 and M3 form two transconductors (gm2

and gm3) and Cgs3 is the required capacitance. The signal from the drain of

transistor M2 of the cascode stage is also fed to the gate of transistor M5

of the common-source amplifier and charges the gate-source capacitance Cgs5

of transistor M5. The charging voltage across Cgs5 is converted to a current

following through Node 4. The drain current of M5 charges gate-source capac-

itance, Cgs1 of transistor M1. This charging voltage is converted to a current

by transistor M1 appearing as the negative feedback at the input (Node 1).

The second negative feedback minimizes the effect of the pole created by the

gate-source capacitance Cgs4 (of transistor M4) and gate-drain conductance

gds2, and hence, it increases the inductive bandwidth.

3.4.1 Large-Signal Analysis of Bandwidth-Extended Inductor

In the proposed bandwidth-extended active inductor (Figure 3.21), DC oper-

ating points and nodal voltages are defined by currents I1 and I2. Assuming

all the transistors of the inductor are long-channel devices, and neglecting

their body effects, the currents and voltages can obtained using MOSFET

large-signal or static analysis. It is assumed that transistors M1, M2, M3 and

M4 operate in saturation , and transistor M2 operates in triode. The drain

currents (ID2 and ID4) of transistors M2 and M4 are equal to I1.

ID2 = ID4 = I1. (3.91)

Hence, gate-source voltages of M2 and M4 (VGS2 and VGS4) are obtained

as follows:

VGS2 = VTN +

√

2I1

K2

, (3.92)
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and

VGS4 = VTN +

√

2I1

K4

, (3.93)

where K2,4 is

K2,4 = µnCox(
W

L
)2,4. (3.94)

Thus, gate-source voltage of M5 (VGS5) is obtained as

VGS5 = VDD − VGS4 = VDD − VTN −
√

2I1

K4

. (3.95)

With the assumption of transistor M5 operating in deep triode, current I2

is calculated as

I2 = µnCox(
W

L
)5(VGS5 − VTN).VDS5 = K5(VGS5 − VTN).VDS5. (3.96)

Thus, the gate-source voltage of M1 (VGS1) is obtained as

VGS1 = VDS5 =
I2

K5(VGS9 − VTN)
(3.97)

This will allow one to find current through transistors M1 and M3 as

ID1 = ID3 = µnCox(
W

L
)1(VGS1 − VTN)2 = K1(VGS1 − VTN)2. (3.98)

Hence, all the currents and voltages in the proposed bandwidth-extended

active inductors are defined.

3.4.2 Small-Signal Analysis of Bandwidth-Extended Inductor

Using the similar approach of small-signal analysis for Q-enhanced active in-

ductor, the bandwidth-extended active inductor can be modeled. Here, in the

proposed bandwidth-extended inductor, the additional gain stage (consisting

of transistor M5 and current source I2) provides positive gain, and in turn,

negative feedback at the input through transistor M1. The small-signal gain
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Figure 3.22: (a) Developing small-signal model of bandwidth-extended active
inductor, (b) small-signal model with parallel equivalent capacitance.

(Av5) of this gain stage can be obtained by differentiating Equation 3.96, and

equating the result zero. The part of the small-signal model of the active in-

ductor is shown in Figure 3.22 where voltage vg5 for the current-source gm1vg5

is obtained as

vg5 = (−gm2

gm4

Av5)vin (3.99)

where −gm2

gm4

is the gain of the cascode stage. The input current iin is

iin = gm1vg5 + gm2vin − gm3vgs3. (3.100)

Replacing vg5, iin is obtained as

iin = [gm1.
gm2

gm4

(
VDS5

VGS5 − VTN

) + gm2 +
gm2gm3

sCgs3

]vin (3.101)
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Thus, input admittance Yin is obtained as

Yin(s) =
1

Zin(s)
=

iin
vin

= Goe +
1

sLoe

(3.102)

where conductance Goe and inductance Loe are

Goe = gm2[1 +
gm1

gm4

.
VDS5

VGS5 − VTN

] ≈ gm2, (3.103)

and

Loe =
Cgs3

gm2gm3

. (3.104)

Changing I1 and I2 by external control voltages causes changing of induc-

tance Loe. If the effects of gate-source capacitances of transistor M1 and M4

(Cgs1 and Cgs4) are neglected, then considering the gate-source capacitance of

M2 (Cgs2), Yin is obtained as

Yin(s) = Goe +
1

sLoe

+ sCoe (3.105)

where Coe equals Cgs2. Hence, Yin is parallel RLC circuit. The Q is obtained

as

Q = ω0CoeRoe =

√

Cgs2

Cgs3

.

√

gm3

gm2

(3.106)

Like Q-enhanced active inductor, the bandwith-extended active inductor is

also modelled with an equivalent RLC circuit that can provide its parameters.

3.4.3 Parameters of Bandwidth-Extended Active Inductor

Taking Cgs and gm (gm >> gds and Cgs >> Cgs) into account only, the

simplified small-signal circuit of the bandwidth-extended (be) active inductor

is shown in Figure 3.23. The input impedance, Zin,be is expressed as

Zin,be(s) =
sCgs1Cgs3[gm4 + (Cgs4 + Cgs5)s]

Dmai(s)
, (3.107)
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Figure 3.23: Small-signal model of bandwidth-extended active inductor.

where

Dbe(s) = s3Cgs1Cgs2Cgs3(Cgs4 + Cgs5) + s2Cgs1Cgs2Cgs3gm4 +

+ sCgs1Cgs3ggm2gm4 + gm2(Cgs1gm3gm4 + Cgs3gm1gm5).(3.108)

Neglecting non-dominant terms in the numerator and denominator of Zin,be,
over mid-frequency (MF) range, Zind,be can be expressed as

Zind,be(s) ≈ sCgs1Cgs3gm4

s2Cgs1Cgs2Cgs3gm4 + sCgs1Cgs3gm2gm4 + gm2(Cgs1gm3gm4 + Cgs3gm1gm5)
,

≈

s

Cgs2

s2 + s
gm2

Cgs2

+
1

Cgs2

.
gm2(Cgs1gm3gm4 + Cgs3gm1gm5)

gm4Cgs1Cgs3

. (3.109)

Here, Zind,be of the proposed active inductor is also a second-order transfer

function representing the impedance of a parallel RLC circuit, and its elements

are obtained as follows:

Ls,be =
Cgs1Cgs3

(Cgs1gm3gm4 + Cgs3gm1gm5)
.
gm4

gm2

. (3.110)
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Cp,be = Cgs2. (3.111)

Rp,be =
1

gm2

. (3.112)

For Cgs1 equals Cgs3, the inductance Ls is simplified as

Ls,be ≈
Cgs3

(gm3gm4 + gm1gm5)
.
gm4

gm2

. (3.113)

Note that Ls,be of the proposed bandwidth-extended inductor is reduced

due to the summation term of transcondutances in the denominator. Due

to the second feedback loop in the proposed bandwidth extended inductor,

the term,
gm4

gm2

appears in the expression of inductance Ls,be (Equation 3.113).

Here, for the condition of gm2 > gm4, Ls,be is reduced. Modeling the inductive

impedance of the bandwidth-extended active inductor with an equivalent par-

allel RLC circuit, the resonance frequency (ω0,be) and quality factor (Qbe) are

obtained as

ω2

0,be =
1

Ls,beCp,be

=
(gm3gm4 + gm1gm5)

Cgs2Cgs3

.
gm2

gm4

, (3.114)

and

Qbe = ω0Rp,beCp,be = ω0

Cgs2

gm2

. (3.115)

Here, in the expression of ω0,be, the term
gm2

gm4

is appeared, and for the

condition of gm2 > gm4, ω0,be is increased. If gm2 becomes two times (2)

larger than gm4, then ω0,be is increased by almost one and a half times (1.5).

Note that ω0,be is inversely proportional to the square root of Ls,be. With

the decreasing of Ls,be, Qbe decreases but a high ω0,be is obtained. Unlike the

parameters of the Q-enhanced active inductor (Figure 3.4), the parameters of

the bandwidth-extended active inductor do not contain the subtraction term

of the transconductances (gm1 − gm4).
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Table 3.3: Device sizes for proposed bandwidth-extended active inductor.

M1 M2 M3 M4 M5
W (µm) 2.5 5 2.5 1.5 2.5
L (nm) 100 100 100 100 100

3.5 Implementation and Measurement of Bandwidth Ex-

tended Active Inductor

3.5.1 Design Implementation

The proposed bandwidth-extended tunable active inductor (Figure 3.21) is

also designed and implemented using STMicroelectronics 90nm CMOS digital

CMOS process. Current sources I1 and I2 are implemented using two PMOS

transistors, namely transistors MI1 and MI2 with the width (W ) of 1.0µm

and length (L) of 100nm, respectively. Optimized for the extended inductive

bandwidth with an increasing operating frequency, the smaller width and the

minimum length transistors are chosen. Table 3.3 summarizes W and L of the

transistors of the proposed bandwidth-extended active inductor.

Fabricated in STMicroelectronics 90nm CMOS digital process, the bandwidth-

extended inductor (Figure 3.21) almost occupies the same chip-area as the Q-

enhanced inductor because two additional transistors in the modified inductor

do not increase its area significantly. The measurement setup and techniques

are the same as those of the Q-enhanced active inductor.

3.5.2 Measurement Results

Operated with a 1.2V supply, the proposed extended broadband active induc-

tor draws a current of 490µA while it draws a current of 510µA in simula-

tion. Figure 3.24 shows the measured and simulated frequency responses of

the magnitude and phase of the inductive impedance (Zind) of the fabricated

bandwidth-extended active inductor for Vcon of 500mV. Note that the peak am-

plitude of magnitude(Zind) is 12.7kΩ at 19.4GHz, whereas the simulated peak

79



CHAPTER 3. Q-ENHANCED AND BANDWIDTH-EXTENDED ACTIVE
INDUCTORS

5 10 15 20 25 30 35
−5

0

5

10

15

20

25

M
a

g
n

it
u

d
e(

Z
in

d
) 

(k
Ω

)

Measured

Simulated

5 10 15 20 25 30 35

Frequency (GHz)

−120

−80

−40

0

40

80

120

P
h

a
se

(Z
in

d
) 

(D
eg

re
e)

Measured

Simulated

Figure 3.24: Measured magnitude and phase of inductive impedance (Zind)
over frequency.
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amplitude is 11.0kΩ at 23.0GHz. Hence, the modified active inductor achieves

the extended bandwidth but a reduced peak amplitude compared to those of

the Q-enhanced active inductor. The positive phase-angle Phase(Zind) up to

the peak amplitude of Zind ensures the inductive behavior of the active induc-

tor over a wide-frequency range. The measured and simulated resistive and

reactive parts of Zind are shown in Figure 3.25. The measured resistive part,

Re(Zind) remains very low and constant up to 16.2GHz. The measured reac-

tive part, Im(Zind) increases slowly and linearly with frequency up to 15.0GHz,

and the resonance frequency (f0) or zero-crossing frequency is 19.9GHz. With

increased f0, a wide operating bandwidth for the bandwidth-extended active

inductor is obtained.

Figures 3.26 shows the measured frequency characteristics of inductance

Ls and Q of the bandwidth-extended inductor for Vcon of 500mV. At low

frequency, Ls remain almost the same but slowly increases with frequency over

mid-frequency region. Around resonant peak, the variations of Ls are sharp.

Note that at f0, Q is zero, and afterwards, inductance exhibits capacitance

(negative inductance) characteristics. Like the Q-enhanced active inductor,

the measured Q of the bandwidth extended active is also higher than the

simulated one because it exhibits higher inductance in measurement with a

reduced resonance frequency, f0. Overall, The reasons for the discrepancies

between measured and simulated results have already been explained for the

Q-enhanced active inductor.
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Figure 3.25: Measured real and imaginary parts of inductive impedance (Zind)
over frequency.
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Figure 3.26: Measured inductance (Ls) and Q over frequency.
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Chapter 4

CMOS UWB Low-Noise Amplifiers

In this chapter, two new area-efficient CMOS UWB low-noise amplifiers (LNAs)

using very small-area tunable active inductors instead of bulk large-area pas-

sive inductors are presented. The proposed LNAs are two-stage and three-

stage amplifiers using active inductors to exploit wideband active shunt peak-

ing for bandwidth extension. Fabricated in 90nm digital CMOS processes, the

measurement results of the UWB LNAs along with simulated results are pre-

sented. In the beginning of the chapter (Section 4.1), an overview of the perfor-

mance or design parameters of low-noise amplifiers (LNAs) followed by design

considerations for, and design examples of ultra-wideband (UWB) LNAs are

presented.

4.1 Design of UWB Low-Noise Amplifiers

4.1.1 Design Parameters of Low-Noise Amplifiers

A low-noise amplifier (LNA) is the first RF building block in a receiver chain to

amplify very weak signals with a high gain while contributing a little amount

of noise to the system. A low noise for the LNA increases the sensitivity of

the receiver [2]. Besides achieving a high gain and contributing a low noise,

an LNA also should have a good linearity to accommodate large signals with

minimal distortion. Thus, a number of design parameters including gain, noise-

figure, bandwidth and linearity, specify the performance of the LNA [2]. These
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parameters are also commonly used in describing the performances of other RF

circuits in receivers such as mixers and front-ends. Some of the performance

parameters as described in the following trade off with each other making it

challenging to optimize them simultaneously.

• Gain: Gain (voltage or power gain) is one of the most important per-

formance parameters of RF amplifiers. At RF frequencies, the effi-

cient transmission of signal power is of great importance, and therefore,

RF circuits are often specified with power gain instead of voltage gain.

For a two-port network with an input impedance of Zi and an output

impedance of Zo, the maximum power transfer occurs when the load

impedance (Zl) is conjugate of the source impedance Zs that is Zs=Z∗

i

and Zl=Z∗

o at the input and output ports, respectively [31]. This condi-

tion of maximum power-transfer is called the impedance matching. The

overall performance of two-port RF circuits are defined using scattering

parameters (S-parameters) : S11, S12, S21, and S22 [29]. S11 and S22

are the input and output reflection coefficients respectively because of

the impedance mismatch at the respective port while the other port is

matched. S21 and S12 represent forward and reverse transmission coeffi-

cients respectively with output and input impedances are matched. The

forward transmission coefficient S21 represents the gain of a two-port

network.

• Noise Factor and Noise Figure : Noise limits the level of the minimum

detectable signal that a circuit can process with acceptable quality. In

analog and RF circuits, the quality of a signal in presence of noise is

described by a parameter called Signal-to-Noise Ratio (SNR), which is

defined as the ratio of the signal power to the total noise power. Quanti-

tatively, the performance of a noisy system is described by noise factor

(F ), which is defined as [2]

F =
SNRi

SNRo

, (4.1)

where SNRi is the SNR at the input, and SNRo is the SNR at the output
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of a system. The physical meaning of F is how much SNR degrades when

a signal passes through a noisy system. For an added noise of Na from

the electronics of the system, and for an input noise power of Ni (noise

source), the F is obtained as [1, 2]

F = 1 +
Na

Ni

. (4.2)

Note that the minimum value of F can be 1 when the system adds no

noise (Na=0). In circuit design, F is expressed in logarithmic scale (dB)

and is referred to as the noise figure (NF ),

NF = 10log10F. (4.3)

In a cascaded system of three stages with different gains (G1, G2, G3 )

and noise factors (F1, F2, F3), the overall noise factor F - is expressed as

[2]

F = F1 +
F2 − 1

G1

+
F3 − 1

G1G2

. (4.4)

Note that in a cascaded system, the F1 of the first-stage is directly added

to the overall system F but noise contribution from any stage except

the first stage is reduced by the gain of its preceding stage or stages.

Therefore, for better noise performance of a cascaded system, along with

a high gain the first stage should have the minimum possible F.

• Linearity: Aside from gain and NF, linearity is an important design

consideration for RF circuits and systems because the nonlinearities of

RF circuits and systems cause gain compression, cross modulation and

intermodulation distortion [10]. A large swing of signal amplitudes at the

input of RF circuits causes output signals reaching the saturation level

that results in gain compression exhibiting clipped outputs (in case of a

sinusoidal input). Cross modulation causes the modulation of a desired

signal (weak signal) with an undesired carrier (strong interferer). When
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two signals of different frequencies are applied to a nonlinear system, the

output contain some frequency components, which are not the harmonics

of the input frequencies and cause intermodulation distortion. Typically,

the linearity of RF circuits or systems is measured by 1-dB compression

point (1-dB CP) and third-order intercept point (IP3) [2, 3]. The 1-

dB CP is defined as the input signal-level for which the small-signal

gain (due to fundamental frequency) of RF circuits is decreased by 1-dB

in comparison to linear gain. For a single-tone signal (one frequency

ω1) applied to a nonlinear system, the 1-dB CP in logarithmic scale is

expressed with the ratio of the actual output voltage Vo to the ideal

output (without gain compression) voltage Voi as [2]

20log10(
Vo

Voi

) = −1dB. (4.5)

For a two-tone signal containing fundamental frequencies of ω1 and ω2,

the intermodulation products or tones (due to mixing) are : (2ω1 − ω2)

and (2ω2 − ω1). IP3 is a theoretical point at which the amplitudes of

2ω1 − ω2 and 2ω2 − ω1 are equal to the amplitudes of ω1 and ω2. If Vi

is the amplitude of ω1 (and ω2), then the linear fundamental term and

the intermodulation term are given by c1Vi and (3/4)c3v
3

i , respectively.

Considering the first three terms of a nonlinear transfer function are suf-

ficient to characterize a nonlinear system dealing with a two-tone signal,

c1 and c3 are the coefficients of the first-order and third-order terms of

the transfer function. Theoretically, the input voltage (VIP3), at which

intermodulation and fundamental tones are equal, can be defined as [2]

3

4
c3VI

c1V
3

IP3

= 1, (4.6)

where VIP3 is obtained as

VIP3 = 2

√

c1

4c3

. (4.7)
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For a cascaded system of two or more stages, the overall IP3 voltage

(VIP3,ov) can be expressed as[10]

1

V 2

IP3,ov

=
1

V 2

IP3,1

+
α2

1

V 2

IP3,2

+
α2

1
β2

1

V 2

IP3,3

+ ..., (4.8)

where VIP3,1, VIP3,2 and VIP3,3 represent the input IP3 voltage of the first,

second and third stages, respectively. α1 and β1 are the small-signal gains

of the first and second stages respectively. Note that increasing the gain

of the first and second stages decreases the over all input IP3 (VIP3,Nov)

of the cascaded system because the third stage experiences the signal

with large amplitude causing the larger IM 3 products. From equation

4.8, it can be stated that for each stage of the cascaded system with gain

greater than unity increases the nonlinearities of the later stages. Thus,

unlike the noise figure, the IP3 of the cascaded system is limited by the

IP3 of the last stage.

4.1.2 LNA Design Specifications for UWB Applications

Among different UWB systems, impuse-radio UWB systems cover the entire

UWB bandwidth of 3.1-10.6 GHz and multiband (MB) UWB systems may op-

erate over a band-group (three bands) or a number of band-groups: there are

five band-groups and fourteen bands over 3.1-10.6 GHz UWB bandwidth. Im-

portantly, LNAs for UWB systems need to cover a very wide bandwidth while

they should provide a high gain and a low noise figure. UWB systems are used

for short range (<10m) and high rate data (up to 480Mb/s) communications

where channel capacities are increased by high bandwidth in accordance with

the Shannon’s channel capacity formula as [32]

C = Blog2(1 + SNR), (4.9)

where C is the channel capacity and B is the system bandwidth. Unlike

narrowband systems, for short-range UWB systems, SNR requirement is not

strict because channel capacity is generally increased by high bandwidth. This
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Table 4.1: Typical values of performance parameters for UWB LNAs

Parameters Values
S21 (dB) > 10.0

BW (GHz) 3.1-10.6
NF (dB) < 6.0

IIP3 (dBm) > −15.0
1-dB CP (dBm) > −21.0

S11, S22 (dB) < −10.0

allows for designing UWB LNAs with a higher noise figure. To maximize power

gain, UWB LNAs should achieve broadband (50Ω) impedance matchings (at

the input and output) over a wide bandwidth. The broadband input matching

with antenna can be achieved with higher-order lossless LC networks that use

a number of passive inductors, which require a large chip area. However, the

input matching for LNAs also depends on the configurations of amplifiers such

as common-source and common-gate configurations.

Common-source configurations for UWB LNAs use lossless LC filters to

resonate reactive components (capacitive) at the input of the LNAs, and

achieve broadband matching. Common-gate configurations provide direct

broadband matching at the cost of higher power consumption, reduced gain

and increased noise-figure. Broadband matching conditions are measured with

input and output return losses (S11 and S22), which should be below < −10dB

over the desired UWB bandwidth. Along with high gain and low noise figure,

the gain flatness in UWB LNAs over the desired UWB bandwidth is criti-

cally important because the flat gain ensures a low dynamic range for UWB

signals. A low-dynamic range makes the designs of the wideband baseband cir-

cuits (variable gain amplifier, filter and analog-to-digital converter) of UWB

receivers simple. For UWB LNAs, typical values of performance or design

parameters including power gain (S21), bandwidth (BW ), noise figure (NF ),

input and output return losses (S11 and S22), 1-dB CP, and IIP3 are given in

Table 4.1.
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4.1.3 CMOS UWB Low-Noise Amplifiers

Several CMOS UWB LNAs have been reported in the literature [11, 33, 34, 35,

36]. Since UWB LNAs deals with very weak signals, most of these LNAs have

been optimized for gain, bandwidth and noise figure with moderate IIP3 for

linearity. Among different amplifier configurations, cascode common-source

configurations for UWB LNAs exhibit excellent gain-noise performance. How-

ever, in these amplifiers, the broadband input matching requires higher-order

(3rd order) LC networks because RF signals are applied to the gate of a large

transistor, which exhibits capacitive impedance. A 3.1-10.0 GHz UWB LNA

using a cascode amplifier followed by a source-follower is presented in [11].

Optimized for flat gain, low noise figure and bandwidth, this LNA achieves

broadband input matching using a three-section Chebyshave LC passband

filter that resonates with the input reactive component (capacitive) over the

entire UWB bandwidth. Moreover, for enhanced and flat gain over the desired

bandwidth, the cascode amplifier uses inductive load to exploit shunt peaking.

Overall, the LNA in [11] uses five inductors (1.2-3.0 nH) and three capacitors

0.5-1.5 pF. These inductors require a large chip area leading to the overall area

of the LNA to be 1.2mm2.

Using a common-gate amplifier at the input stage, multistage CMOS UWB

LNAs are reported in the literature [33, 34]. These LNAs achieve direct broad-

band matching with an input impedance which is inversely proportional to

the transconductance (gm) of the input transistor. The LNAs also employ

inductors at the input to resonate the input reactive component over UWB

bandwidth. The LNA in [33] is the cascading of a common-gate and a cascode

amplifiers, followed by a source-follower. Because of low-gain of the input-stage

common-gate amplifier, this LNA employs the second-stage cascode amplifier

that uses shunt-peaked inductive load to enhance gain and improve gain flat-

ness. The LNA in [34] is a four-stage amplifier including the output buffer

stage. This LNA employs two shunt-peaked cascode amplifiers after the first-

stage common-gate amplifier. The LNA exhibits a simulated bandwidth of

3.1-10.6 GHz, and simulated gain of 15.0-17.5 dB while occupying a large chip

area because of using several passive inductors, and also consuming a large
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amount of power(32.0mW).

CMOS UWB distributed amplifiers reported in the literature exhibit very

wide bandwidth, flat gain and low NF [35, 36]. These LNAs comprise multiple

amplifying stages in cascade with LC ladders at the outputs (at the drains)

and inputs (at the gates) of the amplifiers. The LC ladder provides 50Ω

broadband input and output matchings. However, because of using passive

inductors in the amplifying stages, the distributed amplifiers occupy a large

chip and consumes a large amount of power. The three-stage distributed LNA

in [35] exhibits 0.1-11.0 GHz bandwidth and an average power gain of 8.0dB

while it consumes 21.6mW and occupies a chip area of 0.7mm2. Increasing the

number of stages in distributed amplifiers increases both gain and bandwidth

but chip area and power consumption increases proportionally. The LNA

in [36] is a eight-stage distributed amplifier that provides an average gain of

10.0dB over the bandwidth of DC-44.0GHz but it consumes a large amount of

power (over 90.0mW) while occupying a chip area of 1.5mm2.

In summary, UWB LNAs using cascode configurations require passive LC

input matching circuits, and therefore, they occupy a large chip area. UWB

LNAs using common-gate configurations provide direct input matching using

a few inductors but consume a large amount of power and also use inductors

for gain-bandwidth enhancement. UWB distributed amplifiers exhibit flat

gain with flat frequency response but use many area-inefficient inductors while

consuming a large amount of power. In these LNAs, passive inductors occupy

a significant portion of the chip area. Besides occupying a large chip area, the

passive-inductor LNAs also have a common functional limitation that their

gain-bandwidth cannot be tuned with fixed-structure inductors and capacitors.

Here, two new area-efficient CMOS UWB LNAs using ultra-compact tun-

able active inductors instead of bulk large-area passive inductors, are proposed.

The tuning of active inductors with varying inductance and operating band-

width makes these proposed LNAs tunable : varying gain and bandwidth,

or trading gain with bandwidth of the LNAs. The tunability of the proposed

UWB LNAs can be exploited further to adjust the variation of the desired gain-

bandwidth caused by the variations of supply, process and temperature. Im-
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Figure 4.1: Proposed tunable three-stage UWB LNA.

portantly, to reduce cost, design considerations for the proposed UWB LNAs

are: ultra-low chip area with a high level of device integration, and using

standard digital CMOS processes. The performances of the proposed UWB

LNAs are optimized for gain, bandwidth and noise figure.

4.2 Proposed Three-Stage Tunable UWB LNA

Figure 4.1 shows the schematic of a proposed three-stage UWB LNA termi-

nated with source and load impedances (RS=RL=50Ω) [37]. This three-stage

amplifier uses active inductors in the input and output stages. The input-stage
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is a cascode amplifier (consisting of transistors M1, M2 and M3), and it is con-

nected to the output-stage common-source amplifier (consisting of transistor

M6 and resistor RD) through a buffer amplifier or source follower (consisting

of transistor M5 and Ib2). At the output node (Node 1) of the cascode am-

plifier, an active inductor is connected through a resistor RC in series with a

coupling capacitor CC to cancel the effect of overall node capacitance (C1).

The active inductor is used to exploit inductive shunt peaking in improving

the amplifier’s gain flatness and extending its bandwidth [3]. The feedback

resistor RF , through a source-follower (transistor M4 and current source Ib1),

providing local feedback, is used to achieve 50Ω input matching. A small ca-

pacitor CF (=25fF) in parallel with RF is used to improve input matching.

It also increases feedback at high frequencies and eliminates peaking in the

amplifier’s frequency response [38].

The common-source amplifier boosts the gain of the overall LNA and pro-

vides 50Ω output matching. Here, another active inductor is connected to the

load resistor RD at Node 3 to cancel the effect of overall node capacitance (C3)

and keep the frequency response (gain over frequency) flat at high frequencies,

and in turn, enhance the bandwidth. The inter-stage buffer circuit provides

isolation between input cascode and output common-source amplifiers making

input and output matchings of the LNA independent of each other. The circuit

of the identical active inductors used in the proposed LNA is shown in Figure

4.2 where a common control-voltage Vtune is applied to control current I of the

active inductors, and in turn, tune the gain and bandwidth of the LNA. CB is

the external DC blocking capacitor for simulation and measurement purposes

only. The following subsections describe the tunable active inductor, input

matching, gain-bandwidth, and noise figure of the proposed LNA.

4.2.1 Tunable Active Inductor

The design and analysis of the proposed one-port tunable active inductor of

Figure 4.2 are presented in Chapter 3. The equivalent RLC circuit of the

inductive impedance Zind of the active inductor along with series RC network

(RC and CC) connected at Node 1 or 3 (with nodal capacitance C1 or C3) of
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Figure 4.2: Tunable CMOS active inductor.

the LNA is shown in Figure 4.3(a) where Ls is the inductance of the active

inductor, and capacitance Cp in series with resistance Rs is parallel to Ls.

Using simple transistor models, the elements of the equivalent RLC circuit of

Zind are derived in Chapter 3 as follows:

Ls ≈
Cgs9

gm8gm9

. (4.10)

Rs =
Cgs7 + Cgs10

gm10Cgs8

. (4.11)

Cp = Cgs8. (4.12)

Rp =
gm10

gm8(gm10 − gm7)
. (4.13)

94



CHAPTER 4. CMOS UWB LOW-NOISE AMPLIFIERS

(b)

Req

Leq

Zeq

VSS

1 (3)

C1 (C3)C1 (C3)

(a)

Zind

CC RC

Rp

Cp

Rs

Ls

E(F)

Active Inductor (AI)-Model

1 (3)

Zeq

VSS

Figure 4.3: (a) Equivalent RLC circuit of inductor in series with RC and CC ;
(b) equivalent RL circuit comprising RC and CC .

In the above equations, Cgs and gm with subscripts (7,8,9,10) represent

gate-source capacitances and transconductance of matching number transis-

tors (M7-M10) respectively. Neglecting the loading effects of Cp and Rp due

to small device sizes, and low transconductance (gm) and conductances(gds),

Ls comes in series with RC and CC . The coupling capacitor CC has negligible

effect because it exhibits low impedance over the frequency of interest. Thus,

the equivalent RLC circuit of Figure 4.3(a) can be transformed into an equiva-

lent RL circuit of Figure 4.3(b). Hence, equivalent inductive-impedance Zeq is

simply a series connection of Leq and Req where Leq equals Ls, and Req equals

RC . Note that C1 is the total nodal capacitance at Node 1 (output node)

of the input cascode stage. The series resistance of inductance Ls increases

by RC , and this reduces loaded Q of the active inductor. The low Q of the

inductor reduces the frequency selectivity, and consequently, makes the active

inductor suitable for wideband applications.

Replacing the one-port grounded active inductor (AI) with inductance Ls

in series with resistance Rs (here Rs is zero), the upper part of the proposed

UWB LNA circuit is shown in Figure 4.4(a). Coupling capacitor CC exhibits

low impedance over the desired UWB frequency range. Hence, neglecting the

effect of CC (considering to be shorted), the circuit in Figure 4.4(a) can be
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Figure 4.4: (a) Upper part of UWB LNA with inductor equivalent circuit
excluding RC and CC ; (b) Upper part of UWB LNA with equivalent Zeq.

replaced with the circuit in Figure 4.4(b) where Zeq is the equivalent inductive

impedance looking at Node 1 (or 3). Here, Leq in series with Req connected at

the outputs (Nodes 1 and 3) of the amplifying stages becomes parallel to the

signal path and nodal capacitance (C1 or C3). With increasing frequency, the
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Figure 4.5: Small-signal circuit for input impedance of three-stage LNA.

diminishing capacitive impedance of C1 or C3 increases losses, and causes the

frequency response (gain over frequency) of the amplifier falling of sharply that

reduces the bandwidth. However, at high frequencies, the increasing inductive

impedance of Leq of the active inductor counters the diminishing capacitive

impedance of C1 or C3, and keeps the frequency response flat that increases

the bandwidth. Here, the active inductor is used to provide shunt peaking,

namely active shunt peaking.

4.2.2 Input Matching

Neglecting the loading effects of load transistor M3 and inter-stage buffer cir-

cuit (M5 and Ib2), the small-signal circuit for determining the input impedance

(Zin) of the proposed three-stage LNA is shown in Figure 4.5. At low frequen-

cies, the input impedance, Zin (= Rin) of the LNA is

Rin = (RF +
1

gm4

).(
gm2

gm2 + gm1

) ≈ RF .
gm2

gm1 + gm2

, (4.14)

97



CHAPTER 4. CMOS UWB LOW-NOISE AMPLIFIERS

where gm with subscripts 1,2 and 4 represents the transconductance of tran-

sistor M1, M2 and M4, respectively. For RF gm4 ≫ 1 (RF of around 200Ω and

gm4 of 60mS (mA/V), Rin is approximated as

Rin = RF .
gm2

gm1 + gm2

. (4.15)

Hence, in order to achieve the input matching condition of Rin = RS=50Ω,

feedback resistor RF needs to be 200Ω with gm1 = 3gm2. This requires tran-

sistor M1 to be approximately three times larger than transistor M2 for the

same overdrive voltage. At high frequencies, the input impedance without

considering CF (=20-25 fF) is expressed as

Zin =
RF

1 + Zeqgm1 + sRF Cgs1

=
RF

(1 + gm1Req) + s(gm1Leq + RF Cgs1)

≈ RF

(gm1Req) + s(gm1Leq + RFCgs1)
, (4.16)

where Cgs1 is the gate-source capacitance of transistor M1, and Zeq is the equiv-

alent impedance looking at the output node (node 1) of the cascode amplifier.

In deriving Equation 4.16, gate-drain capacitance of M1, Cgd1 was neglected

because the Miller effect was cancelled due to cascode device M2. The gate-

source capacitance of M4, Cgs4 is also neglected due to small device sizes. It

is also assumed that RF gm4 ≫ 1. At low frequencies, Zin is approximated as

Zin =
1

1 + gm1Req

≈ RF

gm1Req

, (4.17)

Since, it is assumed that CC is shorted as it exhibits negligible impedance

over the frequency of interest, at low frequencies, Req only appears in the

expression of input impedance.
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4.2.3 Gain-Bandwidth

The overall voltage gain Av of the proposed three-stage LNA is Av1Av2Av3,

where Av with subscripts 1,2, and 3 represents the gain of the first-stage cas-

code amplifier, the inter-stage source-follower (buffer), and the output-stage

common-source amplifier, respectively. The cascode amplifier provides reason-

able gain but the overall node capacitance C1 at Node 1 of the LNA adds a

pole in the frequency response, and reduces the bandwidth for UWB signals.

The inter-stage buffer circuit reduces the gain slightly without affecting the

bandwidth. The common-source stage boosts the gain but the frequency re-

sponse of the overall amplifier rolls off very fast at high frequencies due to

capacitance C3 at the output node (at Node 3). In deriving the expression for

voltage gain, the active inductor along with RC is replaced with the equivalent

impedance Zeq of Leq in series with Req as shown in Figure 4.5. The voltage

gain of the first-stage cascode amplifier is expressed as

Av1 =
v1

vin

= −gm1{(ro3) ‖ (
Req + Leqs

LeqC1s2 + ReqC1s + 1
)}, (4.18)

where r03 is the output resistance of load transistor M3. The total output

resistance of the cascode amplifier at node 1 is (gmr01ro2) ‖ r03, where r01 and

r02 are the output resistances of transistor M1 and M2, respectively. For a

large current-source load device M3, providing a current of around 4.0mA with

gm2 of 20.0 mS(mA/V), gm2ro1ro2 is much higher than ro3 (gm2ro1ro2 >> ro3).

Hence, the small-signal gain of the cascode amplifier (without taking the active

inductor into effect) is simply equal to −gm1ro3. However, from Equation 4.18,

it is observed that low-frequency gain is −gm1Req assuming ro3 >> Req because

CC is shorted as it exhibits negligible impedance. For gm1 of 60.0 mS and Req

(RC) of 170Ω, the absolute gain (≈10) obtained from the cascode stage is

reasonably high. However, under input-matching condition, with a load of Req

(taking the active inductor into effect) for the amplifier, input resistor Rin is

approximately equal to RF /(gm1Req). Therefore, the gain of the input-stage

can be simplified as Av1 − gm1Req = −RF /Rin (≈4), which is low due to

satisfying the input matching condition of Rin = RS = 50Ω. Thus, the gain
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of the input cascode stage is traded off with input matching.

With increasing frequency, the diminishing capacitive impedance of capac-

itance C1 at Node 1 causes the frequency response of the amplifier to fall off

sharply at high frequencies due to increased signal losses. Here, at Node 1,

increasing inductive impedance of inductance Leq (of the active inductor) coun-

ters decreasing capacitive impedance of C1 and keeps the frequency response

of the amplifier flat up to a very high frequency. Thus, gain remains flat up

to very high frequency and bandwidth increases. The gain of the interstage

source-follower (consisting of transistor M5) is expressed as

Av2 =
v2

v1

=
Cgs5s + gm5

(C2 + Cgs5)s + gm5

, (4.19)

where C2 is the total load capacitance including the gate-source capacitance

of M6 (Cgs6) at node 2, and gm5 and Cgs5 are the transconductance and gate-

source capacitance of transistor M5 respectively. Note that the source follower

has a unity gain at low-frequency. For low values of Cgs5 and C2, the pole

−gm5/(C2 + Cgs5) and the left-half plane zero −gm5/Cgs5 provide some degree

of cancellation with each other. This broadens the frequency response and

keeps the bandwidth of the cascode-stage intact. The voltage gain of the

output-stage common-source amplifier is

Av3 =
vout

v2

= − (gm6 − Cgd6s).RD ‖ (Req + Leqs)

1 + RD ‖ (Req + Leqs).(C3 + Cgd6)s
, (4.20)

where gm6 and Cgd6 are the transconductance and the gate-drain capacitance of

transistor M6 respectively, and C3 is total node capacitance at Node 3. At low-

frequency, the gain is gm6(RD ‖ Req). With gm6 of 110mS/V, RD of 75Ω and

Req(RC) of 170Ω, the amplifier provides a good low-frequency small-signal gain

(≈ 5.7). Moreover, RD ‖ Req (≈ 52Ω) ensures direct 50Ω broadband output

matching (with RL = 50Ω). Like input-stage cascode amplifier, diminishing

capacitive impedance of capacitance C3 causes the frequency response of the

amplifier to fall off (gain drops sharply at high frequencies) and decreases

overall bandwidth of the LNA as gain drops. Here, inductance Leq (of the
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active inductor) keeps the frequency response flat ensuring flat gain and wide

bandwidth by countering C3.

4.2.4 Noise Factor

The noise factor (F ) of the proposed three-stage LNA is mainly determined

by the noise factor of the first-stage cascode amplifier. The significant thermal

noise sources in the circuit are : input device M1, load device M3, feedback

resistor RF , source-follower device M4, transistor Mb1 (not shown in Figure

4.2) of current-source Ib1, and the equivalent resistor Req of the active inductor.

The noise factors of these noise-sources with respect to source resistance RS

are as follows:

FM1 ≈
γ1

gm1RS

. (4.21)

FM2 ≈
γ2

gm2RS

.
1

(gm1.r03)2
. (4.22)

FM3 ≈
γ3gm3

g2

m1
.RS

. (4.23)

FM4 ≈
γ4gm4

g2

m4
.RS.(gm1r03)2

. (4.24)

FRIb1
=

γIb1

g2

m4
.RS.(gm1r03)2

. (4.25)

FReq
=

Req

RS(gm1ro3)2
. (4.26)

FRF
=

RS

RF

. (4.27)

In the above equations, γ1, γ2, γ3, γ4 and γIb1 are the noise factors (or fitting

parameters for the noise models) of transistors M1, M2, M3, M4 and Mb1 (of

Ib1)respectively. Hence, using the analysis of the input-referred noise of a two-
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port network [3, 22], the (F ) of the LNA with respect to source-resistance RS

under matching condition (RS = Rin) is expressed as

F = 1 + FM1 + FM2 + FM3 + FM4 + FRIb1
+ FReq

+ FRF
, (4.28)

or

F = 1 +
γ1

gm1RS

+
γ2

gm2RS

.
1

(gm1.r03)2
+

γ3gm3

g2

m1
.RS

+
γ4gm4

g2

m4
.RS.(gm1r03)2

+
γIb1

g2

m4
.RS.(gm1r03)2

+
Req

RS(gm1ro3)2
+

RS

RF

, (4.29)

Note that a large gm1, and a high gain (gm1ro3) for the input cascode-stage

are required to reduce overall F of the LNA. The lower limit of F is bounded

by the last term (RS/RF ). Thus, the minimum noise factor Fmin of the LNA

is approximated as

Fmin = 1 +
RS

RF

. (4.30)

Note that for RF = 200Ω and RS = 50Ω, minimum noise figure (NF ) is

approximately 1.0dB (10logFmin). In equation 4.29, the third term from the

last is associated with the noise contribution of the active inductor to the core

LNA. With increasing gain (gm1ro3), noise contributed by the active inductor

decreases. Here, noise added from the input stage active inductor to the core

LNA can be explained with a negative feedback system of Figure 4.6.

In Figure 4.6, Xnoise,AI is the noise signal from the active inductor (AI),

Xin is the input RF signal and Xo,sf is the output signal at the source-follower

of the feedback loop around the first-stage cascode amplifier. For the gain of

Av1(= v1/vin) of the cascode stage, if Av,sf represents the gain of the feedback

source-follower (consisting of M4 and IB1), then the following expression with

a feedback factor β (determined by RF ) is obtained as

Xo,sf(t) = Xin(t)
Av1Av,sf

1 + βAv1Av,sf

+ Xnoise,AI(t)
Av1Av,sf

1 + βAv1Av,sf

. (4.31)
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Figure 4.6: Addition of noise in negative feedback system.

Note that the fraction of noise, Xnoise,AI(t) contributed by the active in-

ductor fedback to the input of the LNA is βXo,sf . For a high loop gain of

βAv1Av,sf , the input referred noise is not much affected by the active inductor

embedded in the negative feedback loop. Notably, the high gain of the cascode

stage reduces the noise contribution of the input-stage active inductor. More-

over, the local feedback-loop through a source follower further reduces the noise

contribution. Since the active inductor connected at the output node (node

3) of the common-source amplifier is physically far apart from RF input, and

the signal is not amplified in the subsequent-stages, its noise contribution to

the core LNA is negligible.

4.2.5 Effects of Series RCCC

Active inductors are connected to the outputs of the amplifiers through RC

(RC and CC) networks where CC is used as the coupling capacitor that keeps

the DC operating points of the active inductors independent of those of the

core LNA. RC and CC have significant effects on the gain and linearity of the

LNA. For a fixed RC , with increasing CC, the gain decreases as the losses

of the signals to the ground increase through the active inductor. Thus, the

signal amplitude is reduced due to the reduced gain. Consequently, the re-
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duced signal-amplitude causes the improvement of the linearity measured by

IIP3 and 1-dB CP. Note that the active inductor along with the RC network is

represented by an equivalent inductance Leq in series with the equivalent resis-

tance Req that also includes RC . With increasing RC , Req also increases, that

in turn causes the effective factor quality factor (Qeq) of the active inductor

(a series RLC circuit) to be decreased yielding the equation as

Qeq = ω0

Leq

Req

. (4.32)

The decreased Qeq causes the effective output resistance (Ro,eff) to be

increased at Node 1 of the cascode amplifier yielding the equation as

Ro,eff =
1

ω0LeqQeq

. (4.33)

Thus, the signal amplitude at the output of the cascode stage is increased

as it is multiplied by the increased effective load resistor. Hence, the following

inter-stage source follower and the common-source amplifier experience the

increased signal amplitude at their inputs.

The increased input signals decrease both 1-dB CP and input IIP3 of the

inter-stage buffer, and the final-stage common-source amplifier. Note that in

the cascaded system of the LNA, the IIP3 of the LNA is limited by the IIP3 of

the final-stage common-source amplifier, yielding Equation 4.8. Hence, with

increasing RC , the overall linearity of the LNA is decreased. Note that the

increasing of RC reduces the losses of the signals to ground through the active

inductor, which in turn increases the gain. However, with a very large RC , the

active inductor loses its effectiveness because the series resistance dominates

over the inductance of the active inductor.

4.2.6 Design Implementation

Figure 4.7(a) shows the complete circuit of the proposed three-stage UWB

LNA including the bias circuit and active inductor. The current sources Ib1 and

Ib2 are realized with two NMOS transistors Mb1 and Mb2, respectively, whose
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Figure 4.7: Complete circuit of proposed three-stage UWB LNA.
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gates are biased with a DC voltage Vb1. A single bias circuit as shown in Figure

4.7(b) generates bias voltages, Vb1 and Vb. The active inductor in Figure 4.7(c)

is connected to the core LNA through nodes E and F. Current-source I in the

active inductors is replaced with a PMOS device. The proposed three-stage

UWB LNA in Figure 4.7 is designed and implemented in STMicroelectronics

90nm CMOS digital CMOS process. Device sizes (width=W and length =L)

of and bias voltages for transistors are chosen to achieve desired gain-BW, NF,

and IIP3 for the proposed LNA.

The aspect ratio (=W/L) of transistors along with bias and supply voltages

establishes DC current, and in turn, determines small-signal parameters such

as transconductances (gm) and conductances (gd), which determine the gain

of the LNA. On the other hand, capacitances (Cgs and Cgd) of transistors

limit the operating bandwidth of the amplifier. In the proposed UWB LNAs,

transistors have different roles as some of them (transistors M1, M2, M4, M5,

M6) are used in signal paths, some are used as loading devices parallel to

the signal paths (transistor M3, Mb1, Mb2) and some are used as biasing

devices (transistors MN1-MN3 and MP1-MP3). Hence, transistors are sized

and biased depending on their applications.

1. Length(L): Transistors with minimum feature size (minimum L) con-

tribute minimum parasitic capacitances that result in a higher operat-

ing frequency. The minimum L also provides a high transconductance

(gm) for a given W and an overdrive voltage (gate-source voltage minus

threshold voltage). On the other hand, a high L for transistors reduces

thermal and flicker noises [22]. However, these two advantages of noise

reduction with a high L are overlooked due to the requirement of high

gm (for high gain), and increased operating frequency with minimum L.

Therefore, transistors M1 to M6, Mb1 and Mb2 of the core LNA, and

transistors M7 to M10 and MI of the active inductors of the proposed

three-stage LNA (Figure 4.7)are chosen with the minimum L of 100nm.

On the other hand, all bias transistors (MN1 to MN3 and MP1 to MP3)

are chosen with a L of 200nm to reduce thermal and flicker noise.
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2. Width (W ): Transistors with a large W provide high transconductances

(gm) for a given L and an overdrive voltage. A high gm is necessary for

a high gain because the gain of an amplifier is obtained by multiplying

gm with the load resistor. On the other hand transistors with a small W

contribute low noise and low parasitics resulting in increased operating

frequency. However, high gain requirement of RF amplifiers forgoes the

advantages of using small-width transistors. In the proposed three-stage

LNA, transistors M1 and M6 are used for input matching, and gain

boosting, respectively. Therefore, M1 and M6 are chosen with a large

W to provide a high current, and in turn, to provide a high gm. With

increased current consumption, large widths for M1 and M6 also provide

high output IP3 (OIP3) yielding high input IP3 (IIP3), and hence, the

linearity of the LNA is improved. Transistor M4 of the buffer source-

follower is optimized for input matching while keeping its gain below

unity so that a lower amount of noise is fed back from the active inductor

to the input of the core LNA. Transistor M5 of the inter-stage source-

follower is chosen to keep its gain close to unity so that the final-stage

common-source amplifier does not require to provide a high gain. Load

device M3 (PMOS transistor) is also chosen large to obtain a high current

in the cascode amplifier so that gm1 of M1 remains high in order to

provide input matching and a moderate gain. The sizes of transistors

(Mb1 and Mb2) of current-sources (Ib1 and Ib2) are chosen smaller to

contribute less noise. The widths of the transistors of active inductors

are kept small to reduce power consumption, increase inductive operating

bandwidth, and reduce noise contribution to the core LNA.

3. Multi-fingered transistor: At RF frequencies, the gate resistance (RG) of

a transistor contributes significant thermal noise. Therefore, transistors

with a large width are realized using folded structures, where instead

of using a single-gate large width transistor, multiple-gate small width

transistors are folded together to achieve the same width of a single-gate

large width transistor. In folded-structure transistors, the gates are con-

nected together at both ends so that gate resistance RG is reduced by a
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factor of 2N (RG/2N ) for an N number of gate fingers. Moreover, for

RF amplifications, transistors need to carry a large amount of current,

but limited widths of metal lines in source and drain diffusion areas can-

not carry a high current. Here, multi-fingered transistors create multiple

parallel paths in source and drain diffusion areas allowing to carry a large

amount of current. For the proposed LNA, all the transistors in the core

LNA are sized with a minimum width (W ) of 1.5µm. Thus, a transistor

with a W of 60µm is realized with a folded structure of 40(N)x1.5µm

where 40 is the number of fingers.

4. Resistors and capacitors: In the proposed three-stage UWB LNAs (Fig-

ure 4.7), resistors are used as biasing (RB), loading (RD) and feedback

(RF ) devices. The wider resistors with shorter length are subjected to

less process and temperature variations, which are necessary to generate

stable bias voltages (with RB) in the bias circuit, and stable DC operat-

ing points (with RD) in the core LNA. Since load device RD has to carry

a large amount of current, it is designed with parallel connections of

multiple resistors having shorter wider width (W ) compared to a single

resistor. The bias resistor RB is realized with a width greater than 2µm

while keeping the ratio of the length to width equal to or less than five

(5), as recommended in the process technology documentations. For ex-

ample, the load resistor RD of 75Ω is realized with ten parallel resistors

with a width of 2.5µm and an length of 5µm, and it is designed with

twenty percent overload capacity. Besides resistors, coupling capacitors,

Cc (0.85-1.200 pF) and feedback capacitor CF (25fF) are used. Capac-

itors are intended to provide high capacitance per unit area to reduce

the chip area; therefore, all capacitors are realized with fringe capacitors

(lateral flux capacitors) using multilevel interdigitated metal structures,

which increase per unit capacitance to 2.2fF/µm2. These types of capac-

itors are also useful to meet metal density requirements for fabrication

over the full chip. In a seven-metal 90nm CMOS process, the fringe

capacitors are realized using metal-3 to metal-7 layers to keep more iso-

lation between bottom plates of capacitors and the silicon substrate in
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Table 4.2: Device sizes for three-stage UWB LNA

M1 M2 M3 M4 M5 M6 Mb1 Mb2
W (µm) 120 39 45 15 60 81 27 39
L (nm) 100 100 100 100 100 100 100 100

order to minimize losses of signals at high frequencies.

5. DC bias voltages: Once device sizes are chosen, bias voltages are gen-

erated to keep all transistors in saturation. The overdrive voltage of

a transistor (VGS − VTH) determines its drain current where VGS is the

gate-source voltage and VTH is the threshold voltage of the transistor. In

the proposed three-stage UWB LNA, for input transistor M1, the choice

of DC level for VGS1 is critical because the required transconductance

(gm1) for power and noise matching (for maximum gain and minimum

noise figure) is to be achieved at the input cascode stage. Moreover,

stable DC operating points of the following stages (source-follower and

common-source amplifier) also depend on the DC operating points of

the input cascode stage. Using a local feedback (RF , Mb1), VGS1 is kept

around 400mV. With a Vb of 380mV, the current in the cascode stage is

set around 4.5mA. Bias voltage Vb1 is chosen as 450mV to obtain 1.2mA

and 2.5mA in the respective source followers. The DC level of VGS6 for

M6 is required to be around 500mV to have a current of around 6.0mA

that provides direct output matching and enough voltage headroom for

a large signal-swing. Note that the DC level shifting is caused by the

source follower consisting of transistors M5 and Mb1 to obtain VGS6 of

500mV. It is also noted that the core LNA and active inductors are

independently biased as they are separated by a coupling capacitor CC .

Table 4.2 summarizes widths and lengths of transistors of the core LNA.

Fabricated in STMicroelectronics seven-metal 90nm CMOS digital process,

the die photo of the proposed three-stage LNA (Figure 4.7) is shown in Figure

4.8. The LNA occupies a core chip or active chip area (excluding testing bond
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Figure 4.8: Microphotograph of fabricated three-stage LNA.

pads) of only 0.022mm2 (180µm × 125µm). The overall chip-area including

all the bonding pads is 0.08mm2 (320µm × 250µm).

4.2.7 Measurement Setups

The fabricated three-stage LNA is measured on-wafer using GSG (ground-

signal-ground) probes for RF signals and DC probes for DC power supplies

and control voltages. The LNA is measured for S-parameters and NF using a

Vector Network Analyzer (VNA) and an Agilent noise-figure meter N8975A,

respectively. Figure 4.9 shows the on-wafer measurement setup for the fabri-

cated LNA to measure S-parameters using VNA. The measurement setup for

input return-loss (S11) and reverse isolation (S12) is shown in Figure 4.9(a).

Forward-gain or power gain (S21) and output return-loss (S22) are measured
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Figure 4.9: (a) Measurement setup for input return loss (S11) and reverse
isolation (S12); (b) measurement setup for power gain (S21) and output return
loss (S22).

using the setup as shown in Figure 4.9(b).

The measurement setup for NF is shown in Figure 4.10(a) where a noise-

source is connected at the input RF port and NF is measured at the output

RF port using the noise-figure meter. An internal DC voltage source drive
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Figure 4.10: (a) Measurement setup for NF ; (b) Measurement setup for IIP3.

the noise-source. The measurement setup for the linearity measurement of the

LNA (IIP3) and 1-dB CP) is shown in Figure 4.10(b) where two closely spaced

RF tones are combined using a power combiner (Hybrid) and are applied to the

input RF port. With varying input RF power, the power of the fundamental

tones and IM terms are measured using the spectrum analyzer at the output

112



CHAPTER 4. CMOS UWB LOW-NOISE AMPLIFIERS

1 2 3 4 5 6 7 8 9 10 11 12

Frequency (GHz)

8

10

12

14

16

18

20

22

P
o

w
er

 G
a

in
, 

S
2

1
 (

d
B

)

Measured

Simulated

Figure 4.11: Measured and simulated gain of three-stage LNA.

RF port.

4.2.8 Measurement Results

Operated with a 1.2V power supply, the fabricated three-stage LNA draws a

current of 13.8mA with a Vtune of 600mV for the active inductors. In sim-

ulation, the three-stage LNA draws a total current of 14.1mA including the

currents of active inductors where each active inductor draws a current of

340µA for a Vtune of 600mV. The measured power gain (S21) of the LNA along

with the simulated S21 is shown in Figure 4.11. The LNA exhibits a mea-

sured flat S21 of 17.6dB and its 3dB bandwidth (BW ) spans over 3.0-8.8 GHz

band. Note that the measured S21 is reduced by 1.2dB from the simulated S21

(18.8dB), and the measured BW (3.0-8.8 GHz) is reduced by 300MHz from

the simulated BW (3.0-9.1 GHz).

Figure 4.12 exhibits the measured and simulated noise figure (NF ) of the

LNA. The LNA exhibits a measured NF of 3.6-5.1 dB over 3.0-8.8 GHz band,
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Figure 4.12: Measured and simulated noise figure of three-stage LNA.

whereas the simulated NF is (2.8-4.0 dB). Hence, the measured NF (3.6-5.1

dB) is increased by an average of 0.9dB from the simulated NF. Figure 4.13

shows the measured and simulated input (S11) and output (S22) return losses

of the three-stage LNA. Measured S11 and S22 are below -10.0dB over 2.0-

10.5 GHz indicating the perfect broadband matching of the input or output

impedance of the LNA with source or load impedance. The measured S11

and S22 exhibit excessive deep at a comparatively lower frequency (< 2.0GHz.

This is because of the small-signal substrate resistance effect caused by the

increasing body resistance (Rbody) of transistors due to a larger distance to

the body contact [39]. In case of measured S22, the output impedance also

decreases with increased Rbody, and the dipping effect becomes more evident.

However, the small-signal substrate resistance effect might not be identified

in simulation, and therefore, the measured S11 and S22 exhibit large devia-

tion from the simulated ones. Figure 4.14 shows the measured and simulated

reverse isolation (S12 of the fabricated three-stage LNA. The measured S12

is below -30.0dB over the frequency range of 2.0-10.0 GHz and follows the
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Figure 4.13: Measured and simulated return losses of three-stage LNA.
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Figure 4.14: Measured and simulated reverse isolation of three-stage LNA.

pattern of the simulated S12 with a reduced value.

Note that measured gain (S21), BW and NF differ from simulated ones. As

the RF LNA is designed and implemented using normal transistors of digital

CMOS technology, one of the possible causes behind the difference between

measured and simulated results is the inaccuracy in high-frequency modeling

of transistors and metal interconnects. The fabricated LNAs also draw less

current than they do in simulation. The reduction of current occurs due to

the resistances of interconnects, and the contact resistance between probe tips

and bonding pads (power supply pads, VDD and VSS). Here, the reduced

current decreases gain and increases NF slightly. Note that the measured NF

degrades by almost 1.0dB from the simulated NF. This is possibly for the

lack of high-frequency noise model for transistors available in simulation. The

noisy measurement environment (noisy power supply, and noise contributed by

external wires) also causes the discrepancy between simulated and measured

noise figures.

Figure 4.15 shows the tuning of three-stage LNA with control voltage Vtune
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Figure 4.15: Tuning of measured gain-bandwidth of three-stage LNA.

of 500mV, 600mV and 700mV for the active inductors indicating the trade

off between gain and bandwidth. With Vtune of 700mV, the measured gain

(S21) obtained is 19.4dB but the bandwidth (BW ) is reduced to 3.0-7.6 GHz.

At high Vtune, the inductance of the active inductor increases but its useable

operating bandwidth decrease with a lower resonance frequency. Here, with

an increased inductance, the gain of the LNA increases but its bandwidth

decreases. On the other hand for Vtune of 500mV, BW is extended over 3.0-9.8

GHz but S21 is reduced to 15.3dB. In case of low Vtune, the inductance of the

active inductor decreases but its useable operating bandwith increases. This

causes the reduced gain but the increased bandwidth for the LNA.

The measurement setup for IIP3 and 1-dB CP of the fabricated three-stage

LNA is shown in Figure 4.10(b). For 1-dB CP measurement, a single-tone test

is performed with a 5.0GHz signal. The LNA exhibits measured 1-dB CP of

-16.2dBm as shown in Figure 4.16. For IIP3 measurement, a two-tone test

with two signals at 1.0MHz apart (one is at 5.0GHz and another one is at 5.001

GHz) is performed. Three-stage LNA exhibits measured IIP3 of -6.3dBm as
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Figure 4.16: Measured 1-dB CP of three-stage LNA.

Figure 4.17: Measured input-IP3 (IIP3) of three-stage LNA.
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Figure 4.18: Measured gain of three-stage LNA on different samples

shown in Figure 4.17.

The fabricated three-stage LNAs are measured on different samples to in-

vestigate design robustness and die yield. Figure 4.18 shows the gain (S21)

of the three-stage LNA measured on five different samples. The LNA shows

a variation of S21 within 0.5dB among the measured dies. This indicates the

good repeatability of the performances of the LNA on different samples as well

as good yield of the fabrication process.

4.3 Proposed Two-Stage Tunable UWB LNA

The proposed three-stage UWB LNA in Figure 4.7 employs two source-followers.

One source-follower (M4 and Ib1) around the input cascode-stage is used for

input-matching. Another inter-stage source-follower (M5 and Ib2) (buffer) pro-

vides isolation between input and output amplifying stages, and it is also used

for DC level shifting to keep the output-stage common-source amplifier in satu-

ration. A reasonable amount of current is consumed in the inter-stage buffer to
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Figure 4.19: Proposed new two-stage UWB LNA.

keep gain close to unity without affecting the bandwidth. Hence, two source-

followers require additional biasing circuits that consume power and occupy

additional chip area. Moreover, the increasing number of transistors of source-

followers also contribute more noise to the LNA. Here, for further reduction of

chip area, power consumption and noise, a new two-stage simple-architecture

UWB LNA using an active inductor is proposed as shown in Figure 4.19.

The first stage of the new LNA is a resistive-feedback inverter amplifier

(consisting of transistors M1 and M2, and resistor RF ). The resistive shunt-

feedback (with RF ) establishes the DC biasing voltage for the inverter am-

plifier around the mid-point of the supply voltage (VDD) and provides stable

DC operating points for the entire LNA. The second-stage is a resistive-load

common-source amplifier (consisting of M3 and RD). A tunable active in-
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ductor (Figure 4.2) is connected at the output node (at Node 1) of the in-

verter amplifier in exploiting the active shunt-peaking. The input matching is

achieved using the combined transconductances (gm1 plus gm2) of transistors

M1 (NMOS) and M2 (PMOS) while feedback resistor RF sets the DC bias

voltage. At Node 1, the overall capacitance C1 includes the gate-source capac-

itance of transistor M3 (Cgs3), which is significantly high for the large size of

transistor M3). Therefore, the frequency response of the amplifier rolls-off fast

at high frequency due to the diminishing capacitive impedance of C1. Here, at

node 1, with increasing frequency, the increasing inductive impedance of the

active inductor compensates the losses of the signals through the diminish-

ing capacitive impedance. Thus, the bandwidth is increased in exploiting the

shunt peaking caused by the active inductor. The inverter amplifier works as

a transresistance amplifier and exhibits a low input impedance and this makes

the input matching simpler at the cost of reduced gain. Like three-stage LNA,

the gain is also traded with input matching. The output common-source am-

plifier stage boosts the overall gain, and provides the output matching. An

additional active inductor at the output node (Node 2) of common-source am-

plifier further enhances the bandwidth by cancelling capacitance at this node.

The input impedance, gain and noise-figure of the proposed two-stage LNA

are described in the following sections.

4.3.1 Input Impedance

For the derivation of the expression for input impedance (Zin), the small-

signal equivalent circuit of the two-stage LNA is shown in Figure 4.20. At

low-frequencies, the input impedance, Zin (= Rin) of the LNA is expressed as

Rin ≈ 1

gm1 + gm2

, (4.34)

where gm with subscripts 1 and 2 represents the transconductance of transis-

tor M1 and M2, respectively. Hence, in order to achieve the broadband input

matching (Rin = RS=50Ω), the sum of gm1 and gm2 needs to be equal to

20.0 mS (mA/V). Using small sizes of transistors, and spending a reasonable
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Figure 4.20: Small-signal circuit for input-impedance of two-stage LNA.

amount of current, the required gm1 and gm2 can be obtained to achieve the

input matching. Alternatively, large sizes of transistors and a small amount

of current can also provide input matching. However, the input matching us-

ing the smaller transistors are preferable because of the increased operating

frequency caused by the low capacitances of small-size transistors. Note that

the resistive-feedback amplifier exhibits low input resistance and can be con-

sidered as a translinear amplifier where transresistance is approximately equal

to RF .

At high frequency, all the capacitances of the transistors in the LNA need

to be considered. The input impedance Zin at high frequency can be expressed

as

Zin =

1 + (
1

Zeq

+ sC1).
RF

1 + sRFCgd

(gm1 + gm2) + sCgs + (
1

Zeq

+ sC1).
1 + sRF (Cgs + Cgd)

1 + RF Cgd

, (4.35)

where Cgd (=Cgd1 + Cgd2) and Cgs (=Cgs1 + Cgs2) are the combined gate and

drain capacitances of transistor M1 and M2 respectively. C1 is the total capac-

itance at node 1 including the gate-source capacitance (Cgs3) of transistor M3.

Zeq is the equivalent inductive impedance looking toward the active inductor.
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Figure 4.21: Small-signal circuit of two-stage LNA for gain.

Note that at low frequency, Zin equals the resistance as expressed by Equation

4.34. Assuming Zeq is purely inductive (≈ sLeq) and it is intended to cancel

the node capacitance C1, the input impedance is simplified to

Zin ≈ 1

(gm1 + gm2) + s(Cgs1 + Cgs2)
. (4.36)

4.3.2 Gain-Bandwidth

The voltage gain, Av(s) of the proposed two-stage amplifier is Av1(s).Av2(s)

where Av1(s) and Av2(s) are the gain of the first stage and the second stage,

respectively. Figure 4.21 shows the small-signal circuit of the proposed two-

stage LNA to obtain the expression for gain. The capacitances of the transis-

tors taken into consideration are shown with shaded parts. The gain of the
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first-stage shunt-feedback amplifier is

Av1(s) =
v1

vin

≈ − (gm1 + gm2) − s(Cgd1 + Cgd2)
1

RF

+
1

Req + sLeq

+ sRF (Cgd1 + Cgd2 + C1)
, (4.37)

where C1 is the overall node capacitance at node 1 including the gate-source

capacitance Cgs3 of M3. The above equation 4.37 is approximated with (gm1 +

gm2)RF ≫ 1. At low frequencies, the gain is

Av01 ≈ −(RF ‖ Req)(gm1 + gm2). (4.38)

Because of the coupling capacitor Cc, Req does not come into effect, the

low frequency gain becomes:

Av01 ≈ −RF (gm1 + gm2). (4.39)

Hence, taking RF in the range of 180-200 Ω and (gm1 + gm2) of 20.0mS,

the gain obtained is 3.6-4.0 (or 5.0-6.0 dB in logarithmic scale), which is not

high enough. The gain of the second stage common-source amplifier is

Av2(s) =
v0

v1

≈ − RD(gm3 − sCgd3)

1 + sRD(Cgd3 + C2)
, (4.40)

where C2 is the output node capacitance. At low frequencies, the gain Av02 is

Av02 ≈ −RDgm3. (4.41)

Choosing RD of 120Ω and creating gm3 of 80.0 mS, the gain can be ob-

tained as 9.6 (or 9.8dB in logarithmic scale) which is high and thus, two stages

together can provide a low-frequency gain of approximately 15.0dB.

With increasing frequency, increasing inductive impedance of Leq at Node

1 compensates for diminishing capacitive impedance of C1. This keeps the

frequency response of the amplifier flat up to a very high frequency by reducing

losses at high frequencies. Thus, the bandwidth of the LNA is increased due
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to flat frequency response up to an extended frequency range.

4.3.3 Noise Factor

Like the three-stage LNA, the noise factor (F ) of the proposed two-stage LNA

is mainly determined by the noise factor of the first-stage shunt-feedback am-

plifier. Unlike the three-stage amplifier, a few components contribute to the

overall noise-figure (NF ) of the two-stage LNA. Considering the thermal noise

is the significant only, the important thermal noise sources are input tran-

sistors M1 and M2, feedback resistor RF , and the equivalent resistor Req of

the active inductor. The F s of these noise-sources with respect to the source

resistance RS are :

FM1 ≈
γ1

gm1RS

. (4.42)

FReq
=

Req

RS(gm1 + gm2)2R2

F

. (4.43)

FRF
=

RS

RF

. (4.44)

Hence, Using the analysis of the input-referred noise of the two-port net-

work, the F of the LNA with respect to the source-resistance RS under match-

ing condition (RS = Rin) can be expressed as

F = 1 + FM1 + FM2 + FReq
+ FRF

, (4.45)

or

F = 1 +
γ1

gm1RS

+
γ2

gm2RS

+
Req

RS(gm1 + gm2)2R2

F

+
RS

RF

, (4.46)

Note that large transconductances (gm1 and gm2) reduce the noise factor F,

and the lower limit of the F is bounded by the term Rs/RF . The minimum NF

(NFmin) is still the same range as in the three-stage LNA. The third term in

Equation 4.46 defines the noise contribution of the active inductor to the core

LNA. Here, RF reduces the NF but the reduction is less than that of Equation
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Figure 4.22: Proposed two-stage LNA using two active inductors.

4.29 because RF is smaller than the output resistance r03 of transistor M3 in

the three-stage LNA. Overall, a smaller number of components in the two-

stage LNA contribute less noise, and it is easily predictable that the overall

NF of the LNA will be lower than that of the three-stage LNA.

4.3.4 Bandwidth Extension

In the proposed two-stage LNA of Figure 4.19, the upper limit of the overall

bandwidth is also limited by capacitance C2 as obtained in gain expression

of Av2 (Equation 4.40). Note that C2 is the output node capacitance of the

second-stage common-source amplifier. As in the three-stage LNA, another

active inductor is connected at the output node (at Node 2) of the common-

source amplifier resulting in the modified two-stage LNA of Figure 4.22. Here,

126



CHAPTER 4. CMOS UWB LOW-NOISE AMPLIFIERS

the inductive impedance of the active inductor compensates for the diminishing

capacitive-impedance of C2 at high frequencies and extends the bandwidth.

4.3.5 Design and Simulation of Two-Stage LNA

The proposed two-stage UWB LNA in Figure 4.19 is designed in TSMC 90nm

CMOS digital CMOS process. Device sizes (width=W and length =L) are

chosen based on their applications. The core two-stage LNA consists of only

three transistors (M1, M2 and M3), and all of them are in signal paths. As

the transistors used for signal-amplification, M1 to M3 are chosen with large

widths of 60µm, 60µm and 81µm respectively while all of them have the length

(L) of 100nm. These transistors are also multi-fingered structures of 40(N) ×
1.5µm (W ) × 100nm(L) for 60µm width and 54(N) × 1.5µm(W ) × 100nm(L)

for 81µm. N is the number of fingers of the transistors.

The LNA is simulated with with 50Ω (RS=RL=50Ω) terminations. With

a supply voltage of 1.2V and Vtune of 650mV for the active inductor, the LNA

draws a total current of 11.5mA including a current of 320µA consumed by

the active inductor.

The effects of active inductors on the proposed two-stage UWB LNAs

can be observed more vividly with simulation results. Figure 4.23 shows the

simulated gain (S21) of the two-stage LNA with active inductor (WI-AI), and

without active inductor (WO-AI) for VDD of 1.2V and Vtune of 650mV. Without

the active inductor, the core LNA exhibits simulated S21 (plot of WO-AI) of

17.0dB at 2.0GHz and 13.0dB at 10.0GHz. Hence, there is a 4.0dB variation

of gain (not flat gain) over 2.0-10.0 GHz, and the -3dB bandwidth is reduced

to 2.0-8.8 GHz. On the other hand, with an inductor at the input stage, the

LNA shows a flat S21 (plot of WI-AI) of 15.0dB over 2.0-9.9 GHz, and the

-3dB BW extends over 2.0-14.2 GHz.

Figure 4.24 shows the simulated noise figure (NF ) of the two-stage LNA

without active inductors and with active inductors (one and two inductors)

for VDD of 1.2V and Vtune of 650mV. Without active inductor (WO-AI), the

LNA shows a NF of 2.7-3.0 dB over 2.0-12.5 GHz bandwidth but with one

active inductor (WI-1AI), a NF of 3.2-3.8 dB is obtained over the same band-
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Figure 4.23: Simulated gain of two-stage LNA with and without inductors.

width. Using two inductors (WI-2AI) (the second inductor at the output of

the second-stage common-source amplifier), the NF of the LNA slightly de-

grades (increases by 0.2dB) from that of using one inductor. The second active

inductor at the final output of the LNA is physically apart from its input and

therefore, it does not contribute a significant amount of noise to the overall

NF of the LNA.

128



CHAPTER 4. CMOS UWB LOW-NOISE AMPLIFIERS

2 4 6 8 10 12 14 16

Frequency (GHz)

2

3

4

5

6

7

N
o

is
e 

F
ig

u
re

, 
N

F
 (

d
B

)

WO_AI

WI_1AI

WI_2AI

Figure 4.24: Simulated noise figure of two-stage LNA with and without induc-
tors.

4.4 Measurement of Two-Stage UWB LNA

The proposed two-stage UWB LNA in Figure 4.19 is implemented in a nine

metal TSMC 90nm CMOS digital CMOS process. The die photo of the fabri-

cated two-stage LNA is shown in Figure 4.25. The core LNA occupies an active

chip area of 0.011mm2 (110µm × 100µm) and the overall chip-area including

all the bonding pads is 0.06mm2.

4.4.1 Measurement Results

The measurement setup has been described earlier for the three-stage LNA.

The fabricated two-stage LNA is also measured on-wafer using G-S-G (ground-

signal-ground) probes for RF signals, and is measured for S-parameters, IIP3

and 1-dB CP.

Operated with a 1.2V power supply, the fabricated two-stage LNA draws

a current of 10.8mA with a Vtune of 650mV for the active inductor. In simula-
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Figure 4.25: Microphotograph of fabricated two-stage LNA.

tion, the LNA draws a total current of 11.5mA including a current of 320µA

consumed by the active inductor. Figure 4.26 exhibits the measured and sim-

ulated power gain (S21) of the two-stage LNA. The measured S21 is 13.4dB

with a 3dB BW of 2.5-11.2 GHz. Note that the measured S21 and BW are

reduced by 1.0dB and 400 MHz from the simulated S21 and BW of 14.4dB

and 2.5-11.6 GHz, respectively. The two-stage LNA exhibits a measured NF of

3.4-5.0 dB over 2.5-11.0 GHz whereas the simulated NF is 3.1-3.6 dB as shown
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Figure 4.26: Measured and simulated gain of two-stage LNA.

in Figure 4.27. The measured NF of the two-stage LNA degrades by 1.1dB

from the simulated NF. Figure 4.28 shows the measured and simulated input

(S11) and output (S22) return losses of two-stage LNA. The measured S11 and

S22 are less than -15.0dB and -19.0dB, respectively over the frequency range

of 2.5-11.0 GHz. Both measured S11 and S22 are below -10.0dB over the de-

sired bandwidth. Hence, the input and output impedances achieve broadband

matching with the source and load impedances. For S11 and S22, the discrep-

ancies between measured and simulated results have already been described

for the three-stage LNA. Figure 4.29 shows the measured and simulated re-

verse isolation (S12) of the fabricated two-stage LNA. The measured S12 is

below -28.0dB over 2.5-11.0 GHz and follows the pattern of the simulated S12

with a reduced value.

Figure 4.30 shows the gain-BW tuning of the two-stage LNA with Vtune of

550mV, 650mV and 750mV for the active inductors. With Vtune of 750mV, the

measured gain (S21) obtained is 15.4dB but the bandwidth (BW ) is reduced to

2.5-8.6 GHz. On the other hand for Vtune of 500mV, the BW is extended over
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Figure 4.27: Measured and simulated noise figure of two-stage LNA.

2.5-13.4 GHz but S21 is reduced to 11.6dB. The reasons for the variation of the

gain and bandwidth with different values of Vtune has been earlier described

for the three-stage LNA.

The two-stage LNA exhibits measured 1-dB CP of -13.7dBm as shown in

Figure 4.31. Like three-stage LNA, input IP3 (IIP3) of the fabricated two-

stage-LNA is also measured with a two-tone test of applying two signals at

1.0MHz apart (one is at 5.0GHz and another one is at 5.001GHz). The LNA

exhibit measured IIP3 of -4.2dBm as shown in Figure 4.32.

The possible causes of discrepancies between measured and simulated re-

sults are similar to those as described earlier for the three-stage UWB LNA.

The fabricated two-stage LNA is also measured on different samples to observe

the design robustness of the LNA and die yield. Figure 4.33 shows the gain

(S21) of the two-stage LNA measured on four (4) different dies. Note that

the variation of the measured S21 on different samples is within 0.5dB. Here,

the results of the LNA are well repeated on different samples, and the process

exhibits a good yield.
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Figure 4.28: Measured and simulated return losses of two-stage LNA
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Figure 4.29: Measured and simulated reverse isolation of two-stage LNA.
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Figure 4.30: Tuning of measured gain-bandwidth of two-stage LNA.
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Figure 4.31: Measured 1-dB CP of two-stage LNA.

Figure 4.32: Measured input IP3 (IIP3) of two-stage LNA.
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Figure 4.33: Measured gain of two stage LNA on different dies.

4.4.2 Performance Summary and Comparison

The performances of our proposed two-stage (LNA2) and three-stage (LNA3)

UWB LNAs are summarized in Table 4.3, and are compared with those of the

recently published UWB LNAs in the literature. The LNA in [40] exhibits a

higher gain with a higher power consumption but our proposed LNAs exhibit

wider bandwidth at lower power consumption. Although the proposed UWB

LNAs in this thesis use active inductors, they exhibit relatively low noise

figures over the desired UWB bandwidth. The active inductors are connected

at the outputs of the amplifying stages in our proposed UWB LNAs and

therefore, they do not contribute to the significant increase of the noise figures.

The UWB LNAs in the literature [35, 41, 42] do not achieve broadband input

matchings as their input-return losses (S11) are higher than -10.0dB. Although

using active inductor, the proposed two-stage LNA (LNA2) in this thesis has

relatively higher IIP3 because in this two-stage LNA, IIP3 is bounded by the

second-stage common-source amplifier, which do not use an active inductor.
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Table 4.3: Performance summary and comparison of UWB LNAs.

REF. Technology BW S21 NF S11 IIP3 PDiss Core area
[CMOS] [GHz] [dB] [dB] [dB] [dBm] [mW] mm2

[11] 0.18µm 2.3-9.2 9.3 4.0-9.2 <-9.9 -6.7 18.0 0.66
[33] 0.18µm 0.4-10.0 12.4 4.4-6.5 <-10.0 -6.0 12.5 0.42
[35] 0.18µm 0.1-11.0 8.0 2.9- <-5.0 -3.5 21.6 0.76
[44] 0.18µm 1.2-11.9 9.7 4.5-5.1 <-11.0 -6.2 20.0 0.59
[45] 0.13µm 2.0-5.2 16.0 4.7-5.7 <-9.0 n/a 38.0 0.24
[41] 0.13µm 2.0-9.6 11.0 3.6-4.8 <-8.3 -7.2 19.0 0.05
[42] 0.13µm 1.5-8.1 11.7 3.6-6.0 <-9.0 -6.7 11.62 0.58
[43] 90nm 2.0-11.0 12.0 5.2-5.9 <-10.0 -4.0 17.0 0.696
[40] 90nm 3.5-8.4 22.7 6.0-6.4 <-10.5 n/a 34.8 0.685

[LNA2] 90nm 2.5-11.2 13.4 3.1-5.0 <-15.0 -4.2 12.96 0.0114
[LNA3] 90nm 3.0-8.8 17.6 3.6-5.1 <-11.5 -6.4 16.56 0.0227

The UWB LNAs in [41, 43] exhibits improved linearity with a slightly higher

IIP3 than that of our proposed two-stage UWB LNA (LNA2). Note that the

LNA2 consumes a lower amount of power (12.96mW) than the those of the

LNAs in [41] (17.0mW) and [43] (22.0mW) leading to a lower IIP3.

All the LNAs but the one in [41] use on-chip passive inductors leading to

occupying a larger chip areas. Our proposed UWB LNAs use active inductors

and exhibit moderate performance but occupy the lowest chip areas. Moreover,

these LNAs (LNA2 and LNA3) are tunable with varying gain and bandwidth.

The two-stage UWB LNA can be tuned with a varying gain of 13.4dB to

15.4dB, and the upper limit of its bandwidth can be tuned from 8.6GHz to

11.2GHz. The upper limit of the bandwidth of the three-stage UWB LNA

can be tuned in the range of 7.6GHz to 9.8 GHz, and the gain can be varied

from 17.6dB to 19.4dB. Hence, with tunability, our proposed UWB LNAs

(LNA2 and LNA3) are overtaking the performances of the UWB LNAs in the

literature.
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Chapter 5

Active CMOS Multiband UWB

Receiver Front-End

This chapter presents a new area-efficient CMOS multiband (MB) ultra-wideband

(UWB) receiver front-end that does not use any passive inductors. This active

CMOS UWB receiver front-end consists of passive inductorless RFICs, namely

active CMOS RFICs, a low-noise amplifier (LNA), mixers, and local oscillator

(LO) drivers. First, an area-efficient UWB mixer and a wideband LO driver

are designed using very low chip-area tunable active inductors, which exploit

wideband active shunt peaking for bandwidth extension. Then, two identi-

cal UWB mixers driven by two identical wideband LO drivers are integrated

with a two-stage area-efficient CMOS UWB LNA (presented in Chapter 4)

to implement the proposed UWB front-end with a direct-conversion architec-

ture. Fabricated in a 90nm digital CMOS process, the measurement results

of the passive inductorless area-efficient tunable UWB receiver front-end are

presented.

5.1 Design of CMOS UWB Mixers

5.1.1 Mixer Basics

In a receiver chain, just after the antenna, the LNA and mixer mainly deal

with RF signals; therefore, they are considered as the core circuits of the RF
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front-end of the receiver. The LNA amplifies very weak RF signals received

by the antenna, and the mixer switched by LO signals, converts amplified RF

signals to intermediate-frequency (IF) signals. The frequency translation or

conversion (RF-to-IF) in a mixing operation can be achieved by multiplying

an RF signal with a frequency of ωRF by a square-wave LO signal alternating

between ±1 at a frequency of ωLO. With this mixing technique, the IF output

voltage VIF is proportional to the input RF voltage VRF only. Expanding the

square-wave LO signal square(ωLOt) with Fourier series, mathematically, the

IF signal can be expressed as [46]

VIF = VRF cos(ωRF t) × Square(ωLO)

= VRF cos(ωRF t) × 4

π
[cos(ωLOt) +

1

3
cos(3ωLOt)t + ...]

=
2VRF

π
cos(ωRF t − ωLOt) + ...,

=
2VRF

π
cos(ωIF t) + ..., (5.1)

where VRF is the peak amplitude of the RF signal and the down converted

IF frequency (ωIF ) is ωRF − ωLO. The higher-order terms other than IF term

in Equation 5.1 are typically filtered out. If the ratio of the r.m.s voltage of

the IF signal to the r.m.s voltage of the RF signal is greater than unity, then

mixers provide voltage conversion gain (in logarithmic scale), and they are

called active mixers.

A typical active mixer consists of a transconductance stage for converting

the input RF voltage to an RF current, and a switching stage for translating

the RF current to an IF voltage. To obtain a high conversion gain and a low

noise figure, large-amplitude LO signals are applied for switching. However,

they are highly unwanted at the output of a mixer because large-amplitude

LO signals can saturate the stages following the mixer, and can also reduce the

linearity of the mixer itself [46]. Therefore, to prevent direct feedthrough of LO

frequencies to the IF output, double-balanced mixers using a Gilbert cell core

as shown in Figure 5.1 are widely used [46]. Here, the Gilbert cell, an analog

multiplier, consists of two identical RF transistors M1 to M2 (RF transconduc-
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Figure 5.1: Double-balanced Gilbert cell mixer.

tance stage) and four identical LO transistors (M3-M6) (LO switching stage)

[47]. The switching of balanced (differential) RF signals (VRF + and VRF -)

with balanced (differential) LO signals (VLO+ and VLO-) causes LO signals to

be absent at the mixer output [46]. Here, +LO feedthrough from transistor

M3 is cancelled by -LO feedthrough from transistor M5, and -LO feedthrough

from transistor M4 is cancelled by +LO feedthrough from transistor M6. In

the double-balance mixer of Figure 5.1, there is a cascode connection of four

devices between power rails (between VDD and VSS) : an IF load device (a re-

sistor or a transistor), an LO transistor (M3 or M4 or M5 or M6), an RF input

transistor (M1 or M2), and a tail-current transistor (MT). Thus, the switching

stage sitting on the transconductance stage, double-balanced Gilbert-cell mix-

ers become unsuitable for a low-voltage operation, and also a low DC voltage
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Figure 5.2: Folded switching mixer.

headroom is available at the outputs of mixers for the swing of IF signals.

For a low voltage operation, and for a high DC voltage headroom at the

IF output, a CMOS folded switching mixer is shown in Figure 5.2, where

the switching stage is folded with respect to the transconductance stage [2].

Note the transconductance stage is AC coupled to the switching stage through

coupling capacitors (C1 and C2), and there are three devices between power

rails (VDD and VSS). Because of inductive loads (no significant voltage drop

occurs across it), the transconductance stage can operate even with a lower

supply voltage than the switching stage. The CMOS folded switching mixer

in the literature [48] uses inverting transconductors for RF inputs (RF+ and

RF-), and RF currents from the transconductors are directly (without coupling

capacitors) folded to the sources of NMOS switching transistors followed by

141



CHAPTER 5. ACTIVE CMOS MULTIBAND UWB RECEIVER
FRONT-END

resistive IF loads. This folded mixer has only two devices between power

rails, and can operate with a lower supply voltage than the folded mixer in

Figure 5.2. Another low-voltage folded mixer is reported in the literature [49],

where RF currents from the transconductance stage are folded to the sources

of PMOS switching transistors followed by resistive IF loads.

RF mixers are also characterized by a set of parameters, similar to those

of LNAs: conversion gain (RF to IF gain), noise figure, 1-dB compression

point (CP) and IIP3 (linearity measurement), and port-to-port isolation (RF-

to-LO, LO-to-RF and RF or LO to IF). In mixers, the gain is referred as the

conversion gain due to the frequency conversion. Because of the switching of

the signals, mixers are the most noisy blocks in RF receiver chains. Therefore,

besides reducing noise figures of mixers, high gain LNAs are required to reduce

overall noise figures of RF front-ends.

In mixers, port to port isolations are critical. LO-to-RF isolation measures

how much leakage of LO signals occur at the RF port. In a direct conversion

front-end, LO leakages to the RF input port can cause DC offsets because LO

and RF frequencies are the same. DC offsets due to self-mixing can corrupt the

output of a direct conversion receiver. A symmetric design (physical design)

for mixers can cause cancellation of RF and LO signals with each other [46].

A good reverse isolation in LNAs can prevent LO signals reaching the antenna

to be radiated [46]. In a direct conversion front-end, LO-to-IF and RF-to-IF

leakages are not critical because they are far apart from the IF signals and can

easily be filtered out. However, excessive RF and LO leakages to IF port can

saturate the circuits that follow the mixer. For UWB applications, RF mixers

are mainly optimized for gain and noise figure over a wide bandwidth while

having moderate linearity (1-dB CP and IIP3).

5.1.2 CMOS UWB Mixers

For UWB applications, mixers need to keep their frequency responses (gain

over frequency) flat to provide flat conversion gain over a wide bandwidth.

Note that for MB-UWB systems, the 7.5GHz UWB spectrum is divided into

fourteen bands of 528 MHz each, and these bands are grouped into five dis-
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tinct band groups. UWB mixers for MB-UWB systems need to provide flat

gain over one or more band groups. The flat conversion gain for UWB mix-

ers allows for designing wideband baseband circuits (post IF circuits) includ-

ing filters, variable-gain amplifiers, and analog-to-digital converters in receiver

chains with lower dynamic range. A low dynamic range for wideband base-

band (post IF) circuits makes their implementations less complex using simple

circuitry.

Mixers are switched or driven by LO signals, which are typically amplified

by LO drivers before feeding to mixers. Along with flat frequency responses

of UWB LNAs, the frequency responses of LO drivers also need to be flat to

obtain flat conversion gain for UWB mixers over a wide bandwidth. LO drivers

are typically two-stage or three-stage amplifiers. Like two-stage or three-stage

UWB LNAs as described in Chapter 4, the wideband active shunt-peaking

techniques using active inductors can be employed in the transconductance

stage of the mixer and the amplifying stages of the wideband LO drivers.

A UWB folded-mixer, exhibiting a conversion gain (CG) that drops from

8.0dB to 5.0dB over 0.2-16.0 GHz RF frequency range for a fixed LO power

of -2.0dBm, is reported in [50]. This stand-alone mode UWB mixer uses LC

matching circuits at LO and RF ports and requires a large chip area because

of using passive inductors. Another folded UWB mixer uses two RF chokes

of 5.4nH each in the transconductance stage for enhanced conversion gain

and extended bandwidth [51]. This UWB mixer exhibits a 2.8dB variation

of CG over 3.0-7.0 GHz bandwidth. Two RF chokes of 5.4nH each occupy

a large chip area, which is almost seventy (70) percent of the overall chip

area. A pair of single-balanced mixers integrated into a direct conversion

front-end is presented in [52], and the overall CG of this front-end exhibits a

10.0dB variation over 2.0GHz RF bandwidth. The UWB mixer reported in

[51] uses on-chip passive inductors in the transconductance stage and switching

stages to increase bandwidth. This mixer exhibits reasonable flat CG of 2.8dB

variation over 3.0-7.0 GHz bandwidth. On the other hand, the mixers in

[50, 52] do not employ a shunt-peaking technique; and therefore, these mixers

experience a wide variation in their conversion gains. Besides occupying large
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Figure 5.3: Architecture of proposed UWB mixer.

chip areas, all these mixers have a common limitation that they are non-

tunable. The tunability of mixers allows for tuning (varying) the gain and

bandwidth of the front-end. Here, to achieve a flat conversion gain over a wide

bandwidth with tunability, a new architecture for area-efficient UWB mixers is

proposed as shown in Figure 5.3. Like area-efficient UWB LNAs as described

in Chapter 4, the proposed UWB mixer uses active inductors (AIs) between

the transconductance and switching stages to cancel the effects of diminishing

capacitive impedances of node capacitances C1 and C2 by exploiting wideband

active shunt-peaking for bandwidth extension.

5.2 Proposed Tunable UWB Mixer

5.2.1 Design of Tunable UWB Mixer

Figure 5.4 shows the schematic of the proposed UWB mixer using active induc-

tors. This is a folded double-balanced mixer consisting of transconductance
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Figure 5.4: Proposed folded-cascode mixer for MB-UWB front-end.

and switching stages followed by a pair of IF buffers (or source-followers). The

source-followers are used for measurement purpose only. Like the UWB LNAs

as described in Chapter 4, the tunability of active inductors allows for the

tuning of the proposed mixer.

The transconductance stage consists of a source-coupled cascoded differ-
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ential pair and provides a high gain using large input transistors M1 and M2

(width W 1=W 2=81µm) and current-source loads of PMOS transistors M7

and M8 (W 7=W 8=39µm). Cascode transistors M3 and M4 (W 3=W 4=39µm)

provide better isolation between the input and output of the transconductance

stage, and improved noise performance. They also provide better isolation be-

tween RF and LO signal ports. The cross-coupled pair of transistors M5 and

M6 is used for linearity enhancement, and this is similar to the approach of

using the MOSFET cascomp configuration in the mixer for linearity improve-

ment [3]. Transistors M5 and M6 subtract RF currents from the main RF

paths of the transconductance stage and increase the linearity. The cross-

coupled connection of the drains of transistors M5 and M6 compensate for

errors in two branches of RF signals, and also increase DC voltage headroom

at Nodes 1 and 2 (output nodes).

At the output nodes (Nodes 1 and 2) of the differential transconductance

stage, there exist substantial capacitances (C1 and C2) contributed by transis-

tors. Therefore, the frequency response (gain over frequency) of the transcon-

ductance stage rolls off fast at high frequencies due to diminishing capacitive

impedances of nodal capacitances C1 and C2, and thus, the bandwidth is re-

duced significantly. Like UWB LNAs as presented in Chapter 4, here in the

UWB mixer, the active shunt-peaking technique is exploited by connecting

two active inductors (dashed boxes of AI represented by series LsRs) at node

1 and 2 through RC networks. With increasing frequency, the increasing

inductive impedances of active inductors cancel the effects of diminishing ca-

pacitive impedances. Thus, the frequency response of the transconductance

stage remains flat over a wide bandwidth. Here, the active inductors used in

the proposed new mixer are identical to those used for the proposed UWB

LNAs as described in Chapter 4. The equivalent RLC model of the active

inductor along with series RC network (RC and CC) connected at Node 1 (or

Node 2) of the mixer is shown in Figure 5.5(a) where Ls is the inductance of

the active inductor. Neglecting the impedance of coupling capacitor CC over

the frequency of interest, the equivalent RL circuit of Figure 5.5(b) replaces

the active inductor and RC at Node 1 (or Node 2) where Leq and Req are equal
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Figure 5.5: (a) Equivalent RLC model of inductive impedance of active in-
ductor in series with RC and CC , (b) equivalent RL circuit of (a).

to Ls and RC , respectively.

RF input voltages (VRF +, VRF−) is converted to currents by the source-

coupled transistor pair M1 and M2. Then, RF currents at Nodes 1 and 2 from

the transconductance stage are folded into the sources of PMOS transistors M9

to M12 of the switching stage. The PMOS switching transistors M9 to M12

are chosen as large (width, W 9-W 12=54µm) to reduce flicker noise [3, 46].

The large amplitude LO signals (VLO+, VLO−) convert RF currents into IF

voltages of (VIF+ and VIF -) across load resistors (RIF ) of 400Ω.

5.2.2 IF buffer

For the measurement of the mixer with a 50Ω external load, a buffer stage is

required at the IF output (VIF+ and VIF−). The buffer circuit should not load

the IF stage, and should have minimum impact on the gain, bandwidth and

linearity of the core mixer. Typically a differential common-source amplifier or

a source follower is used as the IF buffer. A differential common-source ampli-

fier with 100Ω load resistors can provide 50Ω output impedance to match with

50Ω of the measuring system. However, a large amount of current is required

to keep the linearity of the mixer intact. However, a large current requires
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large input transistors that boost the gain but decreases the bandwidth of the

mixer. Large transistors load the IF output and affect the overall performance

of the mixer.

Here in the proposed mixer, two single-ended source followers consisting of

transistors M13 and M14 with two identical current-source loads (Ib1 = Ib2)

take differential IF outputs (VIF + and VIF−) from the core mixer (Figure

5.4). A source-follower exhibits a high input impedance and a low output

impedance [10]. Therefore. it does not load the IF-stage of the mixer. By

increasing current in the source follower, the gain of the IF buffer is kept close

to unity, and therefore, the overall gain of the core mixer remains unchanged.

Moreover, to keep the linearity of the core mixer unaffected, the transistors of

the current-source loads (Ib1 = Ib2) are kept in linear mode of operation at the

cost of having a slightly increased noise figure.

5.3 Proposed Wideband LO driver

5.3.1 LO Driver Architecture

To obtain flat conversion gain for UWB mixers, along with even amplitudes of

RF signals, the amplitudes of LO signals should also be even over the desired

UWB bandwidth. Note that LO signals are amplified for increased driving ca-

pability to switch transistors M9-M12 perfectly for increased conversion gain

and better linearity [46]. The perfect switching of transistors M9-M12 requires

LO signals alike rectangular waves [46]. Typically, LO signals generated from

oscillators are sinusoidal and weak, and have poor switching capability. There-

fore, LO signals from oscillators are amplified by drive amplifiers before feeding

to mixers. The level of sinusoidal LO signals is elevated to the saturation level

of drive amplifiers that provides signals alike rectangular waves.

Typically, LO drivers are a two-stage or three-stage amplifiers where each

amplifying stage introduces pole at its output due to output node capacitance.

The multiple poles in a multistage driving amplifier causes the frequency re-

sponse rolling off fast at high high frequencies and reduces the bandwidth of

the LO driver significantly. Thus, a wide variation in the gain of the driver
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Figure 5.6: Proposed architecture of LO driver.

occurs over the desired bandwidth; and consequently, conversion gain of the

mixer also varies widely. Figure 5.6 shows the architecture of the proposed

LO driver, which is a two-stage differential amplifer. Like passive inductor-

less UWB LNA and mixer using active inductors, here, in the proposed LO

driver, two active inductors (AIs) are connected to the output nodes (Nodes 1

and 2) in between amplifying stages (AMP1 and AMP2) to cancel the effects

of diminishing capactive impedances of node capacitances C1 and C2 at high

frequency in increasing bandwidth.

5.3.2 LO Driver Circuit Description

Figure 5.7 shows the schematic of the proposed two-stage wideband LO driver.

which is a cascading of two shunt-feedback differential amplifiers. Like the new

two-stage UWB LNA in Chapter 4, the broadband input matching is achieved

using the combined transconductances of transistors M1 (or M2) and M3 (or

M4) at the cost of a large amount of current because the input impedance of
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Figure 5.7: Proposed two-stage wideband LO driver circuit.

the LO driver depends on transconductances of transistors. Here two active

inductors are connected at the output nodes (Nodes 1 and 2) of the first-

stage shunt-feedback amplifier through RC (RC , CC) networks to cancel the

effects of diminishing capactive impedances of node capacitances (C1 and C2)

and keep the frequency response (gain over frequency) of the LO driver flat

to increase the bandwidth. The active inductors along with RC and CC at

Nodes 1 and 2 are replaced with the equivalent RL circuit of Figure 5.5(b),

which models the equivalent inductive impedance (Zeq) of the active inductor

along with resistor RC . The differential sinusoidal LO signals (VLO,IN+ and
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VLO,IN−) are fed to the differential input of the driver. The broadband input

matching (50Ω) for the LO driver is important, and the first-stage transre-

sistance amplifier (transistors M1 to M4 and MT1) requires a large current

(6.0mA) to achieve required transconductances of M1 (or M2) and M3 (or

M4) for input matching. The second-stage transresistance amplifier (transis-

tors M5 to M8 and MT2) draws a significant amount of current (9.0mA) to

drive the gates of the switching transistors of the mixer. A transimpedance

(or transresistance) amplifier takes current as the input and provides voltage

as the output. Neglecting the loading effect of the Zind of the active induc-

tor, the transimpedance transfer function derived using the half-circuit of the

first-stage differential can be expressed as

Zim =
s(Cgd1,2 + Cgd3,4) − (gm1,2 + gm3,4 −

1

RF

)

Dim

. (5.2)

Dim is expressed as

Dim = s2C1,2(Cgd1 + Cgd2) + s[
C1,2

RF

+ (gm1,2 + gm3,4)(Cgd1,2 + Cgd3,4)] +
(gm1,2 + gm3,4)

RF

,

(5.3)

where Cgd and gm, with subscripts 1,2, 3 and 4 represent gate-drain capac-

itances and transconductances of transistors M1 (or M2) and M3 (or M4),

respectively. At low frequencies, the transimpedance, Zim(0) (or transresis-

tance, Rim) is

Rim = Zim(0) = −RF (gm1,2 + gm3,4) − 1

(gm1,2 + gm3,4)
≈ −RF . (5.4)

Here, the design goal is to reduce RF to increase current for enhanced driv-

ing capability of the driver. In the first-stage amplifier, the feedback resistor

RF is chosen larger (200Ω) but in the second-stage, the feedback resistor RF1

is chosen smaller (100Ω).
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5.4 Design of UWB RF Front-End

5.4.1 RF Front-End Basics

The front-end is a cascaded connection of the LNA and mixer. In a direct-

conversion front-end, the LNA is directly coupled to the mixer and therefore,

it does not need to drive a 50Ω load. This allows for making the LNA design

simpler because no 50Ω output impedance matching is required. The relaxed

requirement of the output impedance matching eliminates the necessity of the

inter-stage impedance matching circuit between the LNA and mixer. The

important performance parameters of the front-end are gain, noise figure, 1-

dB compression point (CP) (linearity measurement for gain compression), and

IIP3 (linearity measurement for intermodulation terms). Because the front-

end is a cascaded system, the overall performance parameters depend on the

performance parameters of the LNA and mixer. The overall gain of the front-

end (FE) is the summation of the gain (G) of the LNA and mixer as

GFE(dB) = GLNA(dB) + GMixer(dB) (5.5)

The noise factor (F ) and IIP3 of a cascaded system are described in Chap-

ter 4. Here, for the front-end, the F is expressed as

FFE = FLNA +
FMixer − 1

GLNA

, (5.6)

where FLNA and GLNA are noise factor and gain of the LNA, respectively, and

FMixer is the noise factor of the mixer. Note that the noise factor of the LNA

is directly added to the noise factor of the front-end, and the noise factor of

the mixer is divided by the gain of the LNA. Therefore, to reduce the overall

noise factor of the front-end, the LNA should be designed with minimum noise

factor and maximum gain. The overall IIP3 of the front-end is expressed as

[10]

1

V 2

IP3,FE

≈ 1

V 2

IP3,LNA

+
α2

1

V 2

IP3,Mixer

, (5.7)
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where VIIP3 with subscripts (FE, LNA and Mixer) is the input signal amplitude

(of the front-end, LNA, and mixer) at which amplitude of the fundamental

terms equal intermodulation terms. Unlike the noise factor, the overall IIP3

of the front-end is limited by the IIP3 of the mixer.

5.4.2 CMOS UWB Front-End

For MB-UWB applications, RF front-ends operate over a band-group or a

number of band-groups within 3.1-10.6 GHz frequency range. Note that in

the MB-UWB systems, the 7.5GHz UWB spectrum is divided into fourteen

bands of 528 MHz each, and these bands are grouped into five distinct band-

groups. Along with a high level of device integration, a UWB front-end needs

to be designed and implemented in standard digital CMOS processes to be

compatible with the rest of the receiver system, which is usually integrated

in inexpensive digital CMOS processes. Note that a high level of device in-

tegration leads to a low chip area, and inexpensive standard digital CMOS

processes reduce cost of the overall front-end. However, the extensive use

of area-inefficient on-chip passive inductors in conventional UWB front-ends

leads to the use of a costly large chip area.

CMOS UWB front-ends using on-chip passive inductors occupy large chip

areas [52, 53]. A 3.1-8.0 GHz UWB RF front-end where the LNA uses a

number passive inductors, which are realized using off-chip bondwires [54].

Although, the active part of this front-end is inductorless, and occupies only

0.35mm2, this approach does not provide a fully-integrated solution. Moreover,

the conversion gains of these front-ends are not flat over the desired UWB

bandwidth. Here, a new passive inductorless UWB front-end that uses an

area-efficient UWB LNA and a UWB mixer using ultra compact tunable active

inductors, and provides a flat conversion gain, is proposed. The tunability of

active inductors allows for tuning the gain and bandwidth of the proposed

active CMOS (passive inductorless) UWB front-end.
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Figure 5.8: Proposed MB-UWB front-end architecture.

5.5 Proposed Active CMOS MB-UWB Front-End

Figure 5.8 shows the architecture of the proposed active CMOS UWB re-

ceiver front-end where the LNA is directly coupled to a pair of mixers (I and

Q mixers) through a coupling-capacitor, CC1 (=2.5pF). RF signals from the

single-ended UWB LNA are fed to one port (RF+) of each of the UWB mixers.

The other port (RF-) of each of the mixers is grounded through a common

bypass capacitor, Cbyp (=2.5pF). Thus, single-ended RF signals from the LNA
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Figure 5.9: Two-stage LNA used in UWB front-end.

are applied to the mixer as the differential signals. Differential quadrature

(900 out of phases) LO signals, VLO,IN (00) and VLO,IN (900) are fed to the

LO ports (LO+ and LO-) of the mixers through LO drivers followed by DC

blocking capacitors CBL (=2.0pF). Thus, differential zero-IF or baseband sig-

nals, I and Q (900 out of phases) are obtained at the IF ports (IF+ and IF-).

Mixers are used in a quadrature configuration to obtain quadrature IF signals

by applying quadrature LO signals.

For the proposed UWB front-end, a two-stage area-efficient UWB LNA

using tunable active inductors is shown in Figure 5.9. The design of this

active (passive-inductorless) CMOS LNA is described in Chapter 4. Here,

the proposed UWB LNA uses active inductors at the outputs of amplifying

stages. The output of the LNA is directly coupled to the transconductance

or gain stages of two mixers (I and Q mixers) through a coupling capacitor

CC1. The input transistors M1 and M2 of the UWB mixer (Figure 5.4) for the
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proposed front-end have large gate-source capacitances (Cgs1,2), which reduce

the bandwidth due to diminishing capacitive impedances at high frequencies.

Here, the second active inductor connected at the output node of the LNA

(Figure 5.9) cancels the effects of total nodal capacitances of input transistors

(M1 and M2) of the transconductance stages of quadrature I and Q mixers.

As described in Chapter 4, the bandwidth of the UWB LNA (Figure 5.9) using

two active inductors is increased at the cost of reduced gain while having a

minimum impact on noise figure. The circuit of LO drivers for the proposed

front-end is also previously shown in Figure 5.7.

5.5.1 Design Realization and Simulation

The proposed front-end is designed and implemented in TSMC 90nm digital

CMOS process. For the two-stage UWB LNA of the front-end (Figure 5.9),

widths (W ) of transistor M1 (and M2) is chosen as 60µm to achieve a com-

bined transconductance of 20.0mS(mA/V) that provides 50Ω input matching

over the desired bandwidth. Transistor M3 with W of 64µm provides high

transconductance (80mS) to boost the overall gain of the UWB LNA. Feed-

back resistor RF , coupling resistor RC and load resistor RL are chosen as

180Ω, 170Ω and 112Ω, respectively. The coupling capacitor CC is 1.2pF, and

the transistors of the active inductors of the LNA have widths in the range of

1µm-7.5µm while all of them have the length of 100nm. The simulation and

measurement results of the two-stage UWB LNA are presented in Chapter 4.

Mixers and front-ends are characterized using similar parameters of con-

version gain (CG), noise figure (NF ), 1-dB CP and IIP3. In the wideband

LO driver (Figure 5.7), the first-stage transresistance amplifier provides input

matching with moderate gain. The second-stage amplifier boosts the gain and

provide 50Ω output impedance. The widths of transistors M1 to M4 and M5

to M8 are chosen as 30µm and 60µm, respectively. Feedback resistor RF and

RF1 are chosen as 200Ω and 100Ω, respectively.

Figure 5.10 shows the simulated frequency response (gain as a function of

frequency) of the LO driver with active inductor (W-AI) and without active

inductor (WO-AI) for control voltage Vtune of 600mV. With active inductors,
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Figure 5.10: Simulated frequency responses of LO driver.

the LO driver exhibits a flat gain of 10.0dB over 2.0-12.0 GHz (plot of W-AI).

On the other hand, without active inductors, the gain of the LO driver rolls

off sharply at high frequencies (above 8.0GHz), and gain drops from 12.0dB

to 8.7dB over 2.0-12.0 GHz band (plot of WO-AI). Note that at high frequen-

cies, the diminishing capacitive impedances of node capacitances cause the

reduction of high-frequency gain, and in turn, cause the reduction of band-

width. With active inductors, the gain of the LO driver drops by 1.8dB (from

12.0-10.2dB) at lower frequencies (below 8.0GHz) because of the signal losses

through the low impedances of active inductors. On the other hand, at high

frequencies, the increasing inductive impedances of the active inductors com-

pensate for the losses caused by the diminishing capacitive impedances and

keep gain flat for the extended bandwidth.

The performance of RF circuits depend significantly on physical layouts.

All large transistors are realized using multi-fingered gate transistors with a

maximum width (W ) of 1.5µm per finger. This reduces gate resistances of

large transistors. Resistors are realized using poly-silicon resistors with maxi-

mum ratio of the length to the width of 5. The widths of resistors are chosen
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greater than 2.0µm that results in less variations of resistances due to process

and temperature variations. For a large amount of current to be carried out

by resistors, a number of parallel devices are used. Coupling capacitor (CC1)

and blocking capacitors (CBL) are implemented using area-efficient MIM ca-

pacitors with a unit value of 2fF/µm2. Bypass capacitor (Cbyp) is realized

with interdigitated multilevel metal structures. This gives a higher unit ca-

pacitance of 2.2fF/µm2. The use of interdigitated capacitors also fulfills the

metal density requirement across the full chip of the front-end.

5.6 Implementation and Measurement of UWB Front-

End

The proposed MB-UWB front-end that includes all the circuits and compo-

nents of Figure 5.8 is implemented in a nine-metal TSMC 90nm CMOS digital

CMOS process. The die photo of the fabricated front-end is shown in Figure

5.11. The complete front-end (excluding bonding pads and IF buffer) oc-

cupies a chip area of 0.261mm2 (450µm × 580µm), and the overall front-end

(including bonding pads) occupies an area of 0.66mm2 (750µm × 880µm). The

core front-end (LNA and quadrature I and Q mixers) occupies only 0.148mm2

(450µm × 330µm) as shown in the dashed box of Figure 5.12.

The front-end is measured on-wafer for gain, gain-bandwidth tuning, input

return loss (S11), noise figure (NF ), 1-dB CP and IIP3. Figure 5.13 shows the

measurement setup for the CG of the front-end. The single-ended RF signal

is applied through a GSG (ground-signal-ground) probe. The LO signal is

converted to differential signals using a 0-1800 hybrid and is applied through a

GSSG probe. The differential IF signals are converted to a single-ended one (by

using external hybrid coupler), which is measured using the spectrum analyzer.

The front-end is measured for a fixed IF frequency of 500MHz over the RF

frequency range of 2.5-11.0 GHz. Thus, RF and LO frequencies are chosen

accordingly to obtain the 500MHz downconverted IF frequency (ωIF=ωRF -

ωLO). Active inductors for LO drivers are biased with a fixed control voltage,

Vtune of 600mV. Operated with a 1.2V and using control voltages Vtune of
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Figure 5.11: Microphotograph of fabricated front-end.
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Figure 5.13: Measurement setup for front-end gain.

650mV for the LNA and mixers, the fabricated front-end draws a total current

of 74.8mA. In simulation, the front-draws a current of 76.2mA at 1.2V supply

with Vtune of 650mV. The core front-end (the LNA, and I and Q mixers) draws

a current of 30.2mA but the LNA and one mixer (I or Q) mixer draw 22.1mA.

Figure 5.14 shows the measured and simulated gains of the proposed UWB

receiver front-end over input RF frequency with a Vtune of 650mV for control-

ling the active inductors of the LNA and mixers. The measured gain varies

from 22.6dB (at 2.5GHz) to 21.8dB (at 8.9GHz) exhibiting only 0.8dB varia-

tion of gain over 6.4GHz UWB spectrum. On the other hand, the simulated

gain varies from 23.8dB (2.5GHz) to 23.2dB (at 9.3GHz). Note that the mea-

sured gain and bandwidth are reduced by 1.3dB and 400 MHz, respectively,

compared to the simulated ones. Figure 5.15 shows the measured gain of

the front-end along with the simulated gain over output IF frequency of DC-

500MHz where the LO frequency is selected in the range of 3.4-3.9 GHz. The
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Figure 5.14: Measured and simulated gain of UWB front-end.
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Figure 5.15: Measured and simulated gain of UWB front-end.

162



CHAPTER 5. ACTIVE CMOS MULTIBAND UWB RECEIVER
FRONT-END

DUT (FE)

G

S

S

G

G

S

G

DC PROBES

G S S G

50Ώ

1800

Hybrid

0
0

1800

∆

∑

180
0

Hybrid

00 1800

∆∑

50Ώ

1.20 0.80

0.600.60

DC Supplies 

LO Port

IF PortRF Port

Noise Source 

(Diode)

1 1

Noise Figure Meter 

xxxx
oooo

RF IN DC OUT

RF OUT

Analog Signal Generator 

(Agilent E8257D PSG)

xxxx
oooo

Figure 5.16: Measurement setup for front-end noise figure.

measured results differ from the simulated ones due to the lack of accurate RF

modeling of digital transistors used in simulation, and there is a also possibil-

ity of errors in measurement. Moreover, in measurement, the front-end draws

less current than it does in simulation due to the resistances of interconnects

and the contact resistances between pads and probe tips. This also causes the

reduction of the measured gain and bandwidth of the fabricated front-end.

Figure 5.16 shows the measurement setup for the NF of the UWB front-end

where a noise signal is applied to the input RF port and the NF is measured

at the IF port using a noise-figure meter. Figure 5.17 shows the measured

and simulated NF of the fabricated front-end. The measured double-sideband

(DSB) NF is 5.4-7.2 dB over 2.5-11.0 GHz whereas the simulated DSB NF is

4.3-4.7 dB. The measured NF differs by 1.2 to 2.5dB from the simulated NF.

This is because of the lack of an accurate noise model for digital transistors
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Figure 5.17: Measured and simulated noise figure of UWB front-end.

used in simulation. The noisy measurement environment also contribute to

the increased NF. To measure input return loss S11, the IF port is terminated

with a 50Ω load, and the VNA is connected at the input RF port of Figure

5.13. Figure 5.18 shows the measured and simulated S11 of the front-end,

and the measured S11 remains below -14.0dB over 2.5-11.0 GHz indicating the

broadband input matching. The causes of discrepancies between measured

and simulated S11 are already described for the UWB LNAs in Chapter 4

Figure 5.19 shows the tuning of the gain-bandwidth of the front-end for a

Vtune of 550mV, 650mV and 750mV. For a Vtune of 750mV, the gain variation

is limited within 0.9dB (24.2-23.3 dB) over 2.5-7.8 GHZ bandwidth. On the

other hand, for a Vtune of 550mV, the measured gain is obtained 20.7-20.1 dB

over 2.5-9.5 GHz exhibiting only 0.6dB variation of gain over the bandwidth

of 7.0GHz. With a high Vtune, the inductance of active inductors increases

but their inductive operating range decreases. Therefore, the active inductors

cannot cancel the effects of nodal capacitances at high frequencies, and the

frequency response of the front-end falls of sharply resulting into a reduced
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Figure 5.18: Measured and simulated input return-losses of UWB front-end.
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Figure 5.20: Measured gain of UWB front-end with I and Q mixers.

bandwidth. With a low Vtune, the inductance of active inductors decreases

but their inductive operating range extends to an increased frequency. The

reduced inductances of active inductors increase losses and reduce the gain of

the front-end. However, the increased inductive operating range cancel the

effects of nodal capacitances at high frequencies, and keep gain flat over an

extended bandwidth. Figure 5.20 shows the measured gain of the front-end

for I and Q mixers. Note that there is a 0.4-0.6 dB variation of gain between

I and Q mixers, and there is also a slight variation in bandwidth. This gain-

bandwidth mismatches can be adjusted by controlling active inductors of I

and Q mixers separately with Vtune.

The measurement setup to measure 1-dB CP of the front-end is similar to

that of the gain measurement setup, where the IF signal power is measured

using a spectrum analyzer while varying the input RF power. Figure 5.21

shows the measured 1-dB CP of -18.1dBm, which is the input RF power

where the gain of the front-end drops by 1-dB from the expected linear gain.
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Figure 5.21: Measured 1-dB CP of UWB front-end.

The measurement setup for measuring the IIP3 of the front is shown in

Figure 5.22. Two RF tones at 1.0MHz apart (5.0GHz and 5.001GHz) are

applied through a power combiner to the RF port of the front-end. The front-

end exhibits measured IIP3 of -8.3dBm as shown in Figure 5.23.
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Figure 5.22: Measurement setup for front-end IIP3.

The performances of the fabricated UWB front-end are summarized in

Table 5.1, and are compared with those of the recently published UWB front-

ends in the literature. The front-ends in [55, 56] exhibit higher gain. These

front-end occupy large areas as they use passive inductors. Although the front-

end in [56] consumes lower power, its bandwidth is only 3.24-4.75 GHz. The

front-end in [57] occupies a small chip area (0.2mm2) excluding the area of an

on-chip balun transformer used for input matching. Hence, the area of this

front-end is much higher than the core area of our proposed UWB front-end

(0.1485mm2). In [54], off-chip bond-wires are the integral parts of the front-

end. Although using active inductors, the proposed front-end in this thesis

exhibits relatively a low NF over the desired bandwidth (2.5-8.9 GHz) because

active inductors are connected at the outputs of the amplifying stages in the

RF signal paths and they are physically apart from the input of front-end.
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Figure 5.23: Measured input IP3 (IIP3) of UWB front-end.

The complete area (0.261mm2) of our proposed front-end (in this thesis) is

smaller than any of the LNAs of the front-ends in the Table.

Table 5.1: Performance summary and comparison of UWB Front-ends.

[REF.] [55] [54] [58] [56] [57] [This work]
Tech. [CMOS] 0.18µm 0.18µm 0.13µm 90nm 45nm 90nm

BW [GHz] 3.1-8.0 3.1-8.0 3.1-10.6 3.25-4.75 0.6-10.0 2.5-8.9
Gain [dB] 29.0 21.0 23.3 29.5 14.0 22.6
NF [dB] 6.5-8.1 5.0-6.5 5.2-9.1 <5.2 6.0-7.8 5.4-6.6
S11 [dB] <-13.0 <-10.0 <-5.0 <-10.0 <-10.0 <-14.5

1-dB CP [dBm] -21.8 -22.7 -22.7 -26.0 n/a -18.1
IIP3 [dBm] -11.1 -5.6 -10.4 n/a 0.0 -8.3
Tunability No No No No No Yes
PDiss [mW] 33.8 44.85 42.0 9.6 30.0 36.0

Core Area [mm2] >2.0 0.35 0.9 >1.0 0.20 0.1485
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Chapter 6

Conclusion and Future Research

6.1 Conclusion

In this thesis, we presented a new active CMOS design for a UWB receiver

front-end that uses area-efficient transistor-only active inductors instead of

bulk area-inefficient passive inductors. Although passive inductors are essen-

tial components for the design of RF circuits, this work showed the possibility

of design and implementation of active (passive inductorless) CMOS RFICs;

LNA, mixer and LO driver for UWB front-ends. The use of active inductors

led the UWB RFICs to occupy a small fraction of the area of conventional

RFICs. Moreover, the tunability of active inductors allowed for tuning the

UWB RFICs, and in turn, tuning the performance of the UWB front-end with

varying gain and bandwidth. For UWB applications, the tunability of the

front-end can be widely exploited to obtain the desired gain and bandwidth

over a band or band groups of MB-UWB systems. Although active inductors

are noisy, this work exhibited that using them at the outputs can minimize

their noise contributions to the core RFICs. Overall, passive inductorless de-

signs can lead to integrate RF, analog and digital circuits of transceivers on a

low-cost small die area while using inexpensive digital CMOS processes.

In developing area-efficient RFICs for the UWB front-end, first of all, we

proposed and designed two new configurations of CMOS tunable active in-

ductors for Q enhancement and bandwidth extension. In the Q-enhanced

active inductor, simultaneous positive and negative feedbacks were created to
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reduce series and parallel losses in the inductor to enhance the quality fac-

tor (Q). The proposed Q-enhanced active inductor exhibited an inductance of

15.0nH to 20.0nH (at DC), a Q in excess of 200.0, and an inductive impedance

range over 12.0GHz. To extend the inductive operating range, we proposed

a bandwidth-extended active inductor employing double negative feedbacks.

One negative feedback mainly contributed to the development of inductance,

and the other negative feedback increased the inductive operating bandwidth

by cancelling non-dominant poles in the RF signal path. The bandwidth-

extended active inductor exhibited inductive operating bandwidth from a few

hundred MHz to over 22.0GHz. The wide inductive-operating range of the

active inductors made them suitable for UWB applications and beyond. The

active inductors occupied a chip area of 0.000364mm2, which is more than 100

times smaller than a typical 3.0nH passive inductor.

Using the Q-enhanced active inductor, we proposed, designed and imple-

mented two new CMOS tunable UWB LNAs. The active inductor in series

with a resistor were utilized to exploit wideband active shunt peaking. Iden-

tical UWB active inductors were employed at different nodes parallel to RF

signal paths to compensate for the losses of diminishing capactive impedances

at high frequencies. This technique kept the frequency responses (gain over

frequency) of the LNAs flat over a wide bandwidth. A new three-stage UWB

LNA using active inductors at the outputs of the input and output stages was

fabricated in a 90nm CMOS digital process, and it exhibited a flat gain of

17.5dB over 3.0-8.8 GHz band. Using a simple configuration, we presented a

new two-stage UWB LNA that used one active inductor at the output of the

input stage. The two-stage UWB LNA was implemented in a different 90nm

digital CMOS process, and it exhibited flat gain of 13.5dB over an extended

bandwidth of 2.5-9.5 GHz. The three-stage and two-stage UWB LNAs occu-

pied areas of 0.0227mm2 and 0.0114mm2, respectively, which are more than

20 times smaller than conventional UWB LNAs using passive inductors.

We extended the use of active inductors in exploiting the wideband active

shunt-peaking to the design and implementation of UWB mixers and wideband

LO drive amplifiers. The active inductors were employed in the transconduc-
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tance stage of the mixer to keep the frequency response (gain over frequency)

flat and extend the bandwidth. In the LO driver, a two-stage amplifier, ac-

tive inductors were used at the differential outputs of the input stage, and the

overall bandwidth of the LO driver was extended to over 2.0-11.0 GHz.

Finally, we designed and implemented the new active (passive inductorless)

CMOS UWB receiver front-end by integrating active CMOS RFICs; a two-

stage UWB LNA, two identical UWB mixers in quadrature configuration, and

the respective wideband LO driver for the respective mixer. The complete

UWB front-end occupied a chip area of 0.261mm2, which is more than 10

times smaller than conventional UWB front-ends. The core front-end (an

LNA and a pair of mixers) occupied an area of only 0.149mm2, which is close

to the area of a single passive inductor of a few nH. The tunable front-end

exhibited a measured flat gain of 22.5dB over 2.5-8.8 GHz bandwidth. The

gain can be tuned with ±1.5dB variation around 22.5dB, and the bandwidth

can be tuned with ±1.1GHz variation around 8.8GHz. The tunability of the

front-end can also allow for adjusting the mismatches between I and Q signals

(IF signals) due to process, temperature and supply variations.

6.2 Future Research

In this thesis, we showed the advantages of using active inductors instead

of passive inductors in the design of RFICs. However, we suggest further

research to improve the functionality and decrease the form factor of RFICs

and transceivers

1. In this thesis, we emphasize reducing chip areas of RFICs and obtaining

tunability using active inductors. For further reduction of chip areas

some of the passive resistors and capacitors can be replaced by MOSFET

resistors and capacitors, respectively. Active inductors are noisy because

of the noise of transistors. Using circuit techniques, noise contribution

of active inductors to core RFICs are reduced. The future research will

focus on embedding noise cancellation techniques in active inductors.
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2. Active inductors also have poor linearity because of nonlinear character-

istics of transistors. Moreover, a low-voltage headroom with a low-supply

voltage reduces the swing of the signals in active inductors. Hence, the

future research will include improving linearity, and increasing signal

handling capacity of active inductors.

3. In this thesis, wideband LO drivers were integrated in the UWB front-

end without using on-chip oscillators. One of the major challenges is to

design an oscillator that can be tuned to the center frequencies of all

the bands of the MB-UWB systems, which means to design a voltage

controlled oscillator (VCO) that can be tuned over the whole system

bandwidth of 7.5GHz. Limited tuning range of passive LC tank VCOs

make them unsuitable for MB-UWB applications. Hence, a wide tunable

CMOS VCO using tunable active inductors needs to be designed that can

cover all the bands of the MB-UWB system. The phase noise of these

kinds of active-inductor oscillators are high. The future research will

focus on design and development of active CMOS VCOs with reduced

phase noise.
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